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ABSTRACT The photoluminescence of a partially suspended, semiconducting carbon nanotube that forms

the active channel of a field-effect transistor is quenched and red-shifted upon application of a longitudinal

electrical (source—drain) field. The quenching can be explained by a loss of oscillator strength and an increased

Auger-like nonradiative decay of the £;; exciton. The spectral shifts are due to drain-field-induced doping that

leads to enhanced dielectric screening. Electroluminescence due to electron impact excitation of £, excitons is red-

shifted and broadened with respect to the zero-field photoluminescence. A combination of screening and heating

of the carbon nanotube can explain both spectral shift and broadening of the electrically induced light emission.
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ight emission in semiconducting
L single-wall carbon nanotubes (CNTs)

results from the radiative decay of Ey;
excitons' 3 and depends strongly on the
CNT diameter* and dielectric
environment.” 8 Theoretical work suggests
field ionization and Stark shifts of excitons
in CNTs in longitudinal electric fields.® In
previous studies, the photoluminescence
(PL) intensity was shown to drop in longitu-
dinal electric fields."®"" Spectral shifts of
up to 4 meV were observed for some
CNTs."" Light emission in CNTs can also be
induced by an electrical current.'? In sus-
pended CNTs, this electroluminescence (EL)
is due to a unipolar transport current that
produces excitons via impact
excitation.">'* The dependence of the EL
intensity on the source—drain field is
threshold-like."® While room-temperature
PL from CNTs has spectral widths of ~20
meV (fwhm),"® EL under high-field condi-
tions is much broader (100—300 meV).'®"”
Up to now, there has been no direct com-
parison of PL and EL spectra from the same
CNT, and it is unclear whether the EL is en-
ergetically up- or down-shifted with respect
to the PL. Hot carrier luminescence would
suggest a blue shift,’® while heating ef-
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fects,'> a DC Stark effect,” or electrostatic
field doping'® would suggest red shifts.
Here we show that EL is red-shifted by sev-
eral tens of millielectronvolts with respect
to the zero-field PL, and self-heating of the
CNT is responsible for the broadening of the
EL spectrum. The drain voltage induces
strong quenching and spectral red shifts in
the PL spectra of suspended CNTs. The PL
results are explained in the context of drain-
induced doping of the CNT that leads to a
loss of oscillator strength due to band-filling
and screening as well as an increase in
Auger-type nonradiative decay of the exci-
tons. Spectral shifts due to the polarization
of the excitons (dc Stark effect) and quench-
ing due to exciton ionization are negligible
compared to doping-related effects.

RESULTS AND DISCUSSION

The inset of Figure 1a shows a scanning
electron microscope image of the sus-
pended CNT field-effect transistor (FET). De-
tails regarding device fabrication and mea-
surements can be found in the Methods
section. Longitudinal electric fields are gen-
erated by applying a voltage Vps between
source and drain electrodes. The electrical
transport (Ips,Vps) characteristics of the CNT
transistor are shown in Figure 1a for several
values of the gate voltage V. The device
shows unipolar (hole) transport, and the ra-
tio between the drain—source currents Ips
in on- and off-states spans 4 orders of
magnitude.

Resonance-Raman scattering intensities
of CNTs'??° depend on the charge carrier
density (or doping level) p of the
CNT."'®2'~2% |n order to probe changes of p
as a function of V5 andVps, we record the in-
tensity of the Raman G-band, and the re-
sults are shown in the inset of Figure 1b. We
find that both positive and negative gate
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Figure 1. (a) Electrical transport (Ips) characteristics of the
partially suspended carbon nanotube field-effect transistor
(CNT-FET). The transport current is p-type because of doping
by the substrate in the supported CNT segments. (Inset)
SEM image of the CNT partially suspended between the me-
tallic source (S) and drain (D) electrodes and partially sup-
ported by the SiO, substrate. The back gate (G) is formed by
a Si layer beneath. (b) G-band Raman spectrum of the CNT
excited at Aj,ser = 566.7 nm. (Inset) G-band intensity as func-
tions of drain—source voltage Vps and gate voltage V. The
laser wavelength is Aj.ser = 582.25 nm, which is close to the
E3; resonance of the CNT. The suspended part of the CNT is
intrinsic at Vg = Vps = 0 V and can be doped n- or p-type by
either Vg or Vps.

voltages strongly reduce the measured Raman intensi-
ties for laser excitation energies close to the Es; reso-
nance of the CNT near 2.2 eV."® This indicates that the
suspended part of the CNT is intrinsic at Vg = 0 V. Im-
portantly, changes in drain voltage also affect the dop-
ing level of the CNT. As can be seen in the inset of Fig-
ure 1b, the effect of a positive (negative) gate voltage
can be reversed by applying a positive (negative) drain
voltage.

In a simple picture, we would expect that the drain-
induced doping of the suspended CNT segment is only
half as efficient as the doping induced by the gate,
that is, p(Vps) = p(Vs/2), because the source contact
stays at 0 V throughout the measurements. However,
when the contact resistances of source and drain are
different, the efficiency ratio can vary anywhere be-
tween 0 and 1. In the present case, we find that dop-
ing induced by the drain is nearly as efficient as dop-
ing by the gate, that is, p(Vps) = p(Vc), as is evident from
the symmetric, diagonal Raman intensity pattern (see
inset in Figure 1b). The fact that the electrical transport
characteristic is p-type, even though the suspended
part of the CNT is ambipolar, can be understood in a
simple series model, where the supported CNT seg-
ments limit the transport current for positive gate volt-
ages. For negative gate voltages, both supported and
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Figure 2. (a) Three representative photoluminescence (PL)
spectra of the CNT for different drain—source voltages Vps,
all excited at Ajoser = 514.5 nm. (b) Integrated PL intensity
plotted as a function of the drain—source voltage Vps. The
red solid curve is a model calculation based on eq 3.

suspended CNT segments are in the on-state and we
observe (hole) currents of up to several hundred
nanoamperes.

In the following, we investigate the drain voltage de-
pendence of the PL spectrum (Figure 2). For increasing
|Vos|, we observe a substantial drop of PL intensity and
a noticeable red shift of the E;; peak energy. A quench-
ing mechanism that can cause the drop of PL intensity
could be field-induced ionization of E;; excitons into a
continuum of single-particle states. The ionization rate
I" scales exponentially with the longitudinal electric
field Fps:

FO FO

= 4.1EbF—mexp(—F—m)
where Ey, is the exciton binding energy, Fy =
1.74E.3?m2/efi, and mey. is the reduced exciton
mass.’ In the present case, Mg = A/2vE ~ 0.026m,,
where m. is the electron mass, vi = 10® m/s is the
Fermi velocity, A(=0.42 eV/d,) is half of the single
particle band gap energy and d; = 1.4 nm. We esti-
mate £, in the freely suspended CNT with d; = 1.4
nm to be around 0.45 eV by referring to results from
ab initio calculations for an (8,0) CNT with E, = 1
eV?> and by accounting for the 1/d scaling of E,.
This estimate delivers F, = 307 V/pm. As a result,
even for the highest source—drain fields of |Fps| ~
6 V/pum, we find that I' = 1072 eV is extremely small
and cannot be responsible for the measured PL in-
tensity drop.

Alternatively, the drop of the integrated PL inten-
sity could be associated with changes in the dielectric
screening due to drain-induced doping of the CNT. In
order to quantify the PL intensity changes, we have to
consider changes in the PL quantum yield
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Q= k/(k + k) @)

where k, and k,, are the radiative and nonradiative exci-
ton recombination rates, respectively. The effects can
be summarized as follows: (1) Filling of a free-carrier
band, which reduces the free-carrier oscillator strength
free and, hence, the E;; exciton oscillator strength feciton
= m X freelp). Here, n describes the transfer of oscilla-
tor strength from free carriers to the bound exciton
state. (Il) Enhanced exciton screening,” which leads to
a loss of E;; oscillator strength because m(e,p) decreases
with increasing |p|. (lll) Auger-like nonradiative decay®’
involving an exciton, a free carrier (hole), and emission
of an optical phonon.?® While (I) and (1l) decrease k, (Ill)
increases k. For small field-induced perturbations, all
of these changes are expected to be linear in the charge
carrier density p.

The gate dependence of the photoluminescence in-
tensity of the same CNT-FET has been discussed already
in detail in ref 18, and we estimated there that the
change of the CNT absorption strength at Ej,se, = 2.4
eV does not exceed a factor of 2 and, hence, has only
a minor influence on the observed PL intensity depen-
dence. On the basis of our previous findings and the re-
sults shown in Figure 1b, we use an effective gate volt-
age Vger = Vps in order to model the data in Figure 2b
according to

1 = aVge

lp, = /pL,ovmf @)
e

Here, changes in the radiative decay rate from the zero-
field value k° are captured in the coefficient a, while
changes in the nonradiative rate k%, are captured in b.
The coefficientsa = 0.2 V" and b = 0.5 V' are taken
from the best fit of the gate voltage dependence of the
integrated PL intensity of the same CNT-FET,'® and
their sum represents the overall drop of the measured
zero-field PL intensity /p ov. Note that there are no ad-
justable parameters in the modeled curve shown in Fig-
ure 2b. From the good agreement of the experimental
data with the predictions of this simple model, we con-
clude that drain-induced doping is the major mecha-
nism responsible for the measured PL intensity drop.
The spectral peak positions of the E;; photo-
luminescence band of the CNT as a function of Vs are
shown in Figure 3. We obtain red shifts of up to 30 meV
at |Vps| = 6 V. A dc Stark effect induced by the longitu-
dinal field could, in principle, be responsible for the ob-
served red shift. On the basis of the relation kg =
—3.4€?d?*/E,*® and assuming an exciton binding energy
E, = 0.45 eV, we estimate kqc = —1.48 X 107" m?
eV, which translates into a dc Stark shift of about
AE;; = 0.5 meV at |Vps| = 6 V. This is 2 orders of magni-
tude smaller than the experimental shifts shown in Fig-
ure 3 and therefore cannot explain our observations.
Another possibility is that the E;; energy shifts are
due to drain-induced doping, in analogy to the E;3 exci-
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Figure 3. E;; peak energy obtained from the measured PL
band as a function of the drain—source voltage Vps. Electri-
cal transport Ips turns on around Vps = 3 V (dashed line) and
deteriorates the signal-to-noise ratio of the PL measure-
ment. The graph is overlaid with a plot of the charge carrier
density p in the CNT as a function of Vps that has been mod-
eled based on eq 4.

ton red shifts observed upon field-doping induced by
the gate field."® In this scenario, the screening of the
Coulomb interaction in the CNT increases with the dop-
ing level and would be responsible for both a renormal-
ization of the band gap and a reduction of the exciton
binding energy.® Following the procedure in ref 18 and
using Vet = Vps, we estimate the doping levelp in the
CNT following®® by using

Voerr = Ex/e + p/Coun Co = 2meqe/In(at/d)  (4)

Here, Cg = 0.07 pF/cm is the electrostatic gate capaci-
tance that was estimated based on the vacuum dielec-
tric constant g, the dielectric constant of air ¢ = 1, the
thickness of the gate dielectric t = 1000 nm, and d; =
1.4 nm. Furthermore, Er = A +#2vEk#/2A is the Fermi en-
ergy and ke = mp/4 is the Fermi wave vector. On the ba-
sis of this approach, we obtain a maximum charge car-
rier density of |p| = 0.25 e/nm at |Vps| = 6 V.

In Figure 3, we overlay the plot of the experimental
E, peak energies with a curve of the charge carrier den-
sity p as a function of Vps that has been modeled based
on eq 4. By comparing the two curves, we obtain the
scaling relation AE1/Alp| = —0.12 eV/(e/nm). The mea-
sured shifts of the E;; transition energy are of the same
order of magnitude as the Es; red shifts that we ob-
served for the same CNT upon electrostatic doping in-
duced by the gate field."® Comparable E; shifts have
also been obtained through changes in the dielectric
screening in CNTs induced by interface
modifications.3®3’

Under high-field conditions (Vps =7V, Vg = —6V,
Ips = 350 nA), we are able to measure the EL spectrum
of the CNT and compare it to the zero-field PL spectrum
in Figure 4. Unlike the PL signal that drops dramati-
cally if external electric fields are applied (see Figure 2),
the unipolar EL emission relies on high external fields in
the first place and exhibits threshold-like electrical
power dependence.’® As compared to the zero-field
PL, we observe a red shift of 40 meV and a 5-fold broad-
ening of the E;; peak. The shift is of the same order of
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Figure 4. Photoluminescence (PL; peak energy = 0.68 eV,
width = 20 meV) and electroluminescence (EL; peak energy
= 0.64 eV, width = 100 meV) spectrum of the same CNT. The
PL is excited at 2.41 eV, just above the E3; resonance (2.2
eV), with a laser power density of 30kW/cm?2. The EL is driven
atVps =7V, Vs = —6V, and Ips = 350 nA, resulting in an
electrical power of 2.45 pW.

magnitude as the E;; peak shift for the highest
drain—source voltages |Vps| in our PL experiment (see
Figure 3). The red shift of the E;; peak in EL can there-
fore be attributed to the same cause: enhanced screen-
ing as a result of drain-induced doping. In addition,
the electrical power dissipation heats the CNT to tem-
peratures of ~1000 K at high biases,>? which is respon-

METHODS

Sample Fabrication. CNTs were grown by CVD across a trench
(width = 1 pm, depth = 750 nm) in a SiO, layer (thickness
= 1 wm) on top of a silicon wafer. Both ends of an individual
CNT (diameter d; = 1.4 nm as determined by Raman spectros-
copy)'® were covered by metal contacts close to the edges
of the trench (see inset of Figure 1a). Electron beam litho-
graphy was used to define the contacts, and the lift-off was
followed by critical-point drying. The suspended part of the
nanotube was not exposed to the electron beam during the
lithography because we used a positive e-beam resist
(PMMA). We did use SEM to locate bridging nanotubes over
the trench, but the exposure was kept short and at a low dose
(low magnification) to avoid damaging the nanotube or
changing its light-emitting properties.

Micro-Raman Spectroscopy. Raman spectra were excited using
a tunable dye laser (CR-599 operated with R6G solution, Co-
herent) operated between 561 and 588 nm. The light was fo-
cused with a microscope objective (100X, NA = 0.8, Nikon)
onto the suspended part of the CNT-FET (focal spot diameter
around 500 nm). Excitation power densities were kept be-
low 100 kW/cm? to avoid heating of the tube. The Raman
scattered light was collected by the same objective and sent
through a Notch filter and into a spectrometer (Triax 322 Hor-
iba Jobin Yvon), equipped with a 1200 mm™' groove den-
sity 500 nm blaze grating and a LN,-cooled CCD. The sample
was positioned with a closed-loop piezo-electric scanning
stage (P-527.2CL, Physik Instrumente).

Photoluminescence (PL) and Electroluminescence (EL) Spectroscopy.
The PL of the CNT was excited at 514.5 nm using an Ar* la-
ser (Innova 300, Coherent) with excitation power densities of
the order of 30 kW/cm?. A microscope objective (100X, NA
= 0.8, Nikon) was used to focus the incoming and collect the
outgoing light. The PL emission was sent through a long-
pass filter and a transmission grating (fabricated on top of a
prism) and into a LN,-cooled two-dimensional HgCdTe detec-
tor array (IRLabs). The spectroscopic unit was calibrated us-
ing suitable band-pass filters. During the PL measurements,
longitudinal electric fields were generated by applying a volt-
age Vps between source and drain electrodes (see inset Fig-
ure 1a). Unipolar EL emission of the same CNT was produced
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sible for the 5-fold broadening of the electrolumines-
cence as compared to PL experiments where thermal
effects are negligible. In the current saturation regime,
where the electron temperature exceeds the phonon
temperatures,®® further broadening of the emission
spectrum is expected.

In conclusion, our results show that changes in
screening induced by electrostatic fields have to be
taken into account in analyzing CNT-based optoelec-
tronic devices. Strong quenching of the PL emission in
external electrostatic fields is caused by the filling of the
free-particle band that decreases the oscillator strength
and increases Auger-type nonradiative decay of the E;;
exciton. Doping-related screening simultaneously red
shifts the Eq; transition energy by up to 30 meV. In uni-
polar EL, charge carriers need to be accelerated by ex-
ternal fields to excite electron—hole pairs (excitons). As
a result, the EL emission is only observable at high ex-
ternal fields and red-shifted by several tens of millielec-
tronvolts with respect to the zero-field PL of the same
CNT. The 5-fold current-induced broadening of the EL
spectrum with respect to the zero-field PL is caused by
hot electrons and phonons in the CNT.

by running a hole current of 350 nA (Vps =7V, Vg = —6V)
through the CNT and detected with the same spectroscopic
setup that was used for the PL spectroscopy.
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