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ABSTRACT We have investigated the photophysical properties of electro-
chemically gate-doped semiconducting single-wall carbon nanotubes (s-SWNTs).
A comparison of photoluminescence (PL) and simultaneously recorded absorp-
tion spectra reveals that free-carrier densities correlate well with the first sub-
band exciton or trion oscillator strengths but not with PL intensities. We thus
used a global analysis of the first sub-band exciton absorption for a detailed
investigation of gate-doping, here of the (6,5) SWNT valence band. Our data are

carrier density n

gate-potential

consistent with a doping-induced valence band shift according to Ae, =n x b,

band gap

__________ An /
renormalization

® expt
—— simulation

oscillator strength

gate-potential

where n is the free-carrier density, €, is the valence band edge, and b = 0.15 = 0.05 eV-nm. We also predict such band gap renormalization of one-

dimensional gate-doped semiconductors to be accompanied by a stepwise increase of the carrier density by An = (32meub)/(77h)? (mes is effective carrier

mass). Moreover, we show that the width of the spectroelectrochemical window of the first sub-band exciton of 1.55 = 0.05 eV corresponds to the

fundamental band gap of the undoped (6,5) SWNTSs in our samples and not to the renormalized band gap of the doped system. These observations as well

as a previously unidentified absorption band emerging at high doping levels in the Pauli-blocked region of the single-particle Hartree band structure

provide clear evidence for strong electronic correlations in the optical spectra of SWNTs.
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lectronic correlation is essential for an
E accurate description of the properties
of atomic, molecular, and condensed
matter,” but its importance for the photo-
physics of one-dimensional (1D) nanosystems
is often far from well-understood. Strongly
bound trion and exciton states capturing
much of the oscillator strength of interband
transitions in semiconducting single-wall
carbon nanotubes (s-SWNTs)?~© suggest
the presence of strong electronic correla-
tions. Due to the intimate relationship of
electronic screening and free-carrier densi-
ties, such correlations are expected to de-
pend strongly on the free-carrier density n.”
However, experimental evidence for the
dependence of oscillator strengths, transi-
tion energies, or the emergence of new
absorption bands on the density of free
charge carriers in 1D systems is scarce.
Dimensionality and free charge carriers
are known to be key factors in determin-
ing screening and for the ability of Cou-
lomb interactions to introduce electronic
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correlations.! Excitonic states in semicon-
ductors thus strongly depend on the dimen-
sion of a system, with binding energies in
3D semiconductors on the order of a few to
tens of millielectronvolts but reaching up to
1 eV in the case of 1D s-SWNTs.” In spite of
the importance of doping for transport,
electron—hole correlations, screening,’ trion
binding,®® electrochemistry,'®~'2 or for the
interpretation of spectroelectrochemical
data from s-SWNTs,'> 2% charge-induced
band gap renormalization (BGR)®?° and the
associated redistribution of oscillator
strengths in SWNTs have not yet been
quantified experimentally. Here, we will ad-
dress some of these issues by an investi-
gation of the photophysics of electrochemi-
cally gate-doped s-SWNTs.

Initial spectroelectrochemical investiga-
tions of SWNTs were mostly carried out
using vis—NIR absorption and Raman spec-
troscopy and revealed that signals from
both types of spectroscopic probes could
be reversibly bleached by electrochemical
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gate doping.'*1>17:19212224 Changes in the Raman
signals from the radial breathing mode of (6,5) SWNTs,
for example, were initially attributed to a doping-
induced bleach of transitions between higher sub-
bands which were in resonance with the Raman laser
line.”> However, Kalbac et al.'*'® and Dragin et al.?*
reported that higher-lying electronic transitions could
already be modified at doping levels consistent with
the filling of lower sub-bands. Dragin et al. thus
speculated that doping might affect fundamental as
well as secondary band gaps and the oscillator
strengths of the associated (excitonic) transitions.?*

However, no attempt toward a determination of
fundamental band gaps from spectroelectrochemical
absorption data was made until Paolucci et al. used a
Nernstian analysis of changes in absorption signals
from first sub-band exciton transitions to determine
SWNT reduction and oxidation potentials from which
they then calculated fundamental band gaps for a
range of small-diameter SWNT types.'"'® Interestingly,
investigations using Nernsitan analysis of PL spectra
appear to systematically yield smaller fundamental
band gaps.2°?* These discrepancies were tentatively
attributed to environmental or solvent effects but
appear to not have been fully resolved.

In this report, we will address some of the elemen-
tary questions which persist in the field, such as the
justification for using a specific spectroscopic probe
for the determination of fundamental band gaps and,
in particular, the effect which electronic correlations
and BGR are expected to have on such measurements.
The paper is structured into five sections. In the first
one, we present a comparison of different optical
probes and spectral signatures for an assessment
of fundamental band gaps. We show that PL signals
depend nonlinearly on the doping level, and that gate
doping of SWNTs is thus ideally probed using the first
sub-band exciton oscillator strength. We next discuss
how changes of exciton or trion oscillator strengths
can be obtained from absorption spectra using a
global analysis. In the third section, we develop a
simple model to better understand the effect of BGR
on optical spectra of one-dimensional gate-doped
semiconductors. In turn, we also discuss how this
can be used for an experimental determination of
the degree of BGR in SWNTs. We then use these
insights for a detailed analysis of the spectroelectro-
chemical window in SWNTs in light of predicted but
experimentally unconfirmed BGR.° Lastly, we discuss
additional evidence for strong electronic correlations
using absorption spectra of heavily doped semicon-
ducting SWNTs. Such evidence is provided by a pre-
viously unidentified, very broad absorption band in
the Pauli-blocked region of the single-particle Hartree
band structure. This band is referred to as H-band,
in reference to the high doping levels at which it
emerges.
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RESULTS AND DISCUSSION

In the experiments described in the following, semi-
conducting single-wall carbon nanotubes (s-SWNTs) of
the (6,5) type were doped electrochemically by apply-
ing a potential between a working electrode (WE), with
which SWNTs are in contact, and a quasi-reference
electrode (QRE) (Figure 1a). The capacitive coupling of
s-SWNTs to the working electrode and to the electro-
lyte in Figure 1bis estimated to be on the order of a few
hundred aF-um~" and 10 fF-um™', respectively.'’*°
The gate potential thus essentially drops at the
SWNT—WE interface (see Figure 1c).

Absorption and PL Spectra of Electrochemically Gate-Doped
SWNTs. Figure 2a shows that changes of absorption
spectra with gate potential are symmetric around the
midgap charge neutrality point at —4.46 £ 0.10 V with
respect to the vacuum level, in agreement with earlier
spectroelectrochemical measurements.'® At charge
neutrality near the midgap, spectra are dominated by
the first sub-band S; and second sub-band S, exciton
transitions at 996 and 574 nm, respectively. The re-
maining features are associated with absorption by
the (9,1) minority species at 931 nm, with phonon
sidebands,®'3? and below 378 nm with the wrapping
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-bipyridine]
(PFO—BPy) polymer.>® At potentials above about 0.4 V
and below —0.8 V with respect to the QRE, we observe
the appearance of a feature at 1168 nm, which is
commonly associated with the charged exciton or trion
transition (XT).%° The dependence of the optical den-
sity (OD) of the excitons at 996 and 574 nm in Figure 2b
as well as of the trion at 1168 nm on electrochemical
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Figure 1. Schematic illustration of experimental setup for
electrochemical gate doping. (a) Semiconducting SWNTs in
contact with the working and quasi-reference electrode. (b)
Equivalent circuit diagram with nanotube and double-layer
capacitances. (c) Schematic energy diagram, illustrating
that the gate potential drops at the nanotube—electrolyte
interface because of its small double-layer capacitance.
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Figure 2. Spectra of gate-doped s-SWNTs. (a) Waterfall plot
of UV—vis—NIR spectra of SWNTs doped by electrochemical
gating. The first sub-band S, exciton at 996 nm is bleached at
higher and lower potentials, while a trion feature X* devel-
ops at 1168 nm. At the highest doping levels, one also
observes the emergence of a 0.9 eV wide, practically feature-
less absorption background between 630 and 1170 nm (see
bottom spectrum at +0.9 V). (b) Optical densities of features
in the vis and NIR spectral ranges change significantly, and
(c) total oscillator strengths obtained from integrated spectra
remain practically constant.

potential reveals a strong redistribution of oscillator
strength at the highest and lowest potentials. How-
ever, integration of spectra over the NIR range from
730 to 1350 nm and over the vis range from 430 to
730 nm shows that the total oscillator strength is
essentially conserved except for small changes at the
highest positive potentials (blue and red diamonds in
Figure 2c).

Integrated oscillator strengths thus remain practi-
cally constant even outside of the spectroelectrochemi-
cal window of the S; transition, which extends from
about —1.0 V to +0.6 V (see Figure 2c). This suggests
that any loss of S; oscillator strength is compensated
by an increase of X* trion oscillator strength, at least up
to the peak of the trion OD curves in Figure 2b. This is
key for justifying the use of S; exciton absorption
signals as a measure of free-carrier densities in SWNTSs
because an increase in trion (charged exciton) oscilla-
tor strength fy- is identified with a concomitant in-
crease of the doping level n. For the following detailed
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analysis of optical spectra near the drop-off of exciton
signals at —1.0 V and +0.6 V, we will thus assume that
the total oscillator strengths of trion and exciton fs +
fx- are conserved. Consequently, the S; exciton oscil-
lator strength fs can be used as a direct measure of the
doping level, with fs o (1 — n/ng), where ny, signifies
the charge density at which the S; exciton transition is
completely bleached. We use n, =e/r._n=05e-nm™"
that corresponds to one charge per electron—hole
correlation length (i.e., “size”) of the exciton with r._;, =
2.0 nm, which was determined experimentally for (6,5)
SWNTs.>*

Before continuing with a discussion of PL signals,
we point out that the asymmetry of the spectroelec-
trochemical window of the S; exciton OD in Figure 2b,
specifically in the form of a slightly smaller slope in the
drop-off toward negative potentials (n-doping), may
be taken as evidence for a lower density of states (DOS)
in the conduction band if compared with the valence
band. This is in agreement with expectations based on
the previously reported electron—hole band asymme-
try for graphene and SWNTs, which implies that elec-
tron effective masses are somewhat lower than hole
masses.>

Alternatively, gate doping of SWNTs has frequently
also been studied using photoluminescence spectros-
copy, in some instances with the aim of determin-
ing SWNT fundamental band gaps. However, as men-
tioned in the introduction, spectroelectrochemical
windows determined from PL spectra systematically
yield fundamental band gaps lower than those ob-
tained from absorption or Raman spectra. To better
understand this discrepancy, we have used a custom-
built setup that simultaneously records PL and absorp-
tion spectra of gate-doped s-SWNTs from the NIR to the
vis spectral range.

A series of simultaneously recorded PL and absorp-
tion spectra are shown in Figure 3a,b for the spectral
range of the first sub-band exciton transition of (6,5)
SWNTs, recorded at 25 mV increments for positive gate
potentials between +0.200 and +0.700 V with respect
to the Pt QRE. Optical densities at the first and second
sub-band exciton transitions (open red and blue cir-
cles) and the PL intensity of the S; exciton (solid black
circles) are compared in Figure 3c. The data show that
the PL intensity drops off at significantly smaller po-
tentials than the OD of the first or second sub-band
excitons. In Figure 3d, we have plotted the PL quantum
yield (solid black circles) as well as the OD of the second
sub-band exciton (open blue circles) versus the S;
oscillator strength (see discussion below). The latter is
assumed to scale linearly with the doping level, which
was added as the top axis to Figure 3d. It is evident
that the aforementioned discrepancies between fun-
damental band gaps determined from PL and from
absorption spectroscopy may be attributed to this
strongly nonlinear dependence of the PL quantum
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Figure 3. Dependence of different optical signatures on
gate potential. Waterfall plots of (a) NIR absorption and (b)
PL spectra of gate-doped (6,5) SWNTSs recorded for positive
potentials at 25 mV increments (from top to bottom). (c)
Dependence of PL intensity (solid black circles), OD at first
and second sub-band exciton wavelengths (open red and
blue circles), and first sub-band exciton oscillator strength
as determined from a global analysis (red diamonds).
(d) Correlation of the normalized PL quantum yield from
the S, exciton and the OD of the S, transition, where the S,
oscillator strength clearly shows that neither the PL signal
nor the S, OD exhibits a 1:1 correspondence with free-
carrier densities.

yield on free-carrier densities. This is in agreement with
the extraordinary susceptibility of SWNT excitons to
nonradiative decay*® and its nonlinear dependence on
quenching site concentrations.” Such high sensitivity
has been attributed to large exciton diffusion lengths
in SWNTs, on the order of tens to hundreds of nano-
meters.>®37

The weaker dependence of the second sub-band
exciton OD on free-carrier density in Figure 3d also
suggests that spectroelectrochemical analysis of Raman
data, resonantly enhanced by interaction with one of
the higher sub-band transitions, is likely to overestimate
the fundamental band gaps. For the following investi-
gation of the effects of electrochemical gate doping on
optical spectra and for the determination of funda-
mental band gaps, we will therefore focus on the first
sub-band exciton in the absorption spectra.

Determination of S, Exciton Oscillator Strengths from Absorp-
tion Spectra. In the previous section, we argued that the
oscillator strength of the S; exciton should represent
the most accurate probe of doping levels that are
needed for the frequently used Nernstian analysis of
redox potentials.'®2%252% However, the key assertions
implicit to previous Nernstian interpretations of spec-
troelectrochemical data were (i) that optical densities can
be associated with concentrations and (ii) that spectral
changes during an electrochemical transformation can
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be attributed to the direct conversion of one set of
reagents into one set of products. Unfortunately,
neither assumption seems fully justified. One of the
spectroscopic signatures of direct chemical transfor-
mations are isosbestic points in absorption spectra. Ab-
sorption spectra from gate-doped s-SWNTs, however,
do not exhibit such isosbestic points (see Figure 4),
which indicates that the oxidation or reduction of
s-SWNTs is not a one-step but rather a sequential pro-
cess with no evidence as to the number or spectral
character of the reaction intermediates. Unfortunately,
this calls the use of any optical signature for a determi-
nation of concentration changes into question unless a
more detailed analysis can validate such an approach.
In the following, we will thus discuss how the first sub-
band exciton oscillator strength can be obtained from
absorption spectra of doped SWNTs using a global
analysis.>®

The global analysis reveals that the combination of
only three independent spectral components with
appropriate spectral weights allows an excellent de-
scription of the experimental data in Figure 4a,d. The
three components and the dependence of their spec-
tral weights on gate potential are shown in Figure 4b,c
for the NIR spectral range as well as in Figure 4e,f for the
vis spectral range. The first component corresponds to
the spectrum of the undoped (6,5) s-SWNT (red spec-
trum Figure 4b,c). The second component with maxi-
mum amplitude at +0.85 V with respect to midgap
corresponds to the moderately doped (6,5) s-SWNTs, as
evidenced by the trion peak at 1168 nm.2° An asym-
metric feature at 972 nm (blue spectrum) is attributed
to a simultaneous blue shift of the S; exciton by up to
nearly 50 nm, in agreement with predictions by Spataru
and Léonard.®

The third component, associated with the heavily
doped SWNT, emerges at potentials above ~0.80 V
with respect to the midgap. Here, absorption between
630 and 1170 nm becomes nearly constant and fea-
tureless (yellow spectrum in Figure 4a). We refer to this
band as “H-band” because of its emergence in the
heavily doped regime. This is is noteworthy because
the absorption signal lies in a spectral region where
interband transitions should be Pauli-blocked up to
nearly twice the gate potential of 1.09 eV correspond-
ing to about 565 nm (see red arrows in Figure 5b). Even
asymmetric band renormalization®*° would make
valence-to-conduction band transitions in this wave-
length range highly improbable. Surprisingly, the in-
tensity of the H-band is large, as evidenced by the
nearly unchanged oscillator strengths of the vis and
NIR spectral ranges seen in Figure 3d. By comparison
with the known oscillator strength of the S; exciton,*®
we obtain an absorption cross section for the H-band of
1.7 x 1078 cm? per carbon atom, corresponding to
about 30% of the absorption cross section per atom in
graphene.”!
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Figure 4. Analysis of absorption spectra at different doping levels. (a) NIR spectra at positive potentials (p-doping) and fit of data
from a global analysis. (b) Optical spectra in (a) can be well described by the superposition of three spectral components, one for
spectral signatures characteristic of the undoped, moderately doped, and heavily doped SWNTs. The blue confidence bands for
the moderately doped component are rendered by the global fit. The first sub-band exciton at 996 nm is seen to disappear at
potentials near 0.75 V, while a trion feature emerges at 1168 nm. The asymmetric feature in the moderately doped component at
972 nmiis attributed to a blue shift of the exciton transition at moderate doping. (c) Potential dependence of the spectral weights
of each of the three components. (d—f) Same as that in (a—c) but with data for the vis spectral range. Here, the second sub-band
exciton merges into an asymmetric absorption band at higher free-carrier densities.

Role of BGR for the Interpretation of Spectroelectrochemical
Data. Band gap renormalization has been predicted for
SWNTs® and was suspected to be partly responsible for
the unexpected bleach of Raman signals resonantly
enhanced by higher sub-band transitions when only the
lowest sub-bands were accessible to gate doping.®*
Since BGR is associated with a decrease of the funda-
mental band gap, we need to first investigate whether
band gaps determined from the width of the S;
spectroelectrochemical window correspond to the
fundamental band gap of the undoped or to the
reduced band gap of a the doped SWNT. In the latter
case, the spectroelectrochemical window would pro-
vide only a lower bound of the actual fundamental band
gap. Moreover, we need to understand if and how
we may use the dependence of oscillator strengths on
electrochemical potential for a determination of the
extent of BGR.

To this end, we first discuss the anticipated effect of
BGR on the electron or hole density, n, which can then
be used for analysis of experimentally determined
S; oscillator strengths. As illustrated schematically in
Figure 5a—c, one of the crucial consequences of
doping-induced BGR is that valence and conduction
band edges are shifted, so as to draw additional
charges into the semiconductor (Figure 5b,c). To better
understand the implications of this positive feedback
mechanism for the dependence of free-carrier den-
sities on gate potential, we need to abandon the

HARTLEB ET AL.

frequently used “rigid band” approximation.>'*? We
thus allow for BGR, which is parametrized within an
effective medium approximation in terms of the free-
carrier density n, as € = € + bn, with € being the
valence or conduction band edge and b being a
parameter characteristic of the strength of BGR (the +
signs refer to shifts of valence or conduction bands,
respectively). Free-carrier bands are represented with-
in the effective mass approximation. The resulting
dependence of n on the gate potential U and on band
edge ¢ then becomes

nU,e) = Y32 (o) 12 (1)

h

with e being the electron charge and mqs being the
valence or conduction band effective free-carrier mass
(see Supporting Information, S). This function is shown
in Figure 5d as the curved red surface. The hypothetical
couplings of free-carrier density and band edge for
different values of b are illustrated as a fan of lines on
the green n—e plane in Figure 5d, with different slopes
representing different strengths of BGR. Their projec-
tion onto the red n(U,¢) surface in Figure 5d yields the
actual dependence of free-carrier density on the gate
potential and on the band edge (or fundamental band
gap). One of these parabolas is plotted in Figure 5e as a
function of the gate potential U. In the presence of
finite BGR and depending on the gate potential, this
model thus supports one or three possible charge states
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Figure 5. Influence of band gap renormalization on gate
doping. (a—c) Schematic illustration of band alignment and
band renormalization by electronic correlation when a
semiconductor is gate-doped. The red arrows in (b) indicate
the extent of the Pauli-blocked regime. (d) Dependence of
free-carrier density on gate potential U and majority carrier
band edge e. Electronic correlations lead to a reduction of
the gap at higher free-carrier densities. Different degrees of
correlation are signified by the fan of lines in the green n—¢
plane. One of their projections onto the red surface in the
blue n—U plane is shown in (e). As the potential is increased,
the semiconductor remains uncharged up to point 2, at
which the free-carrier density increases suddenly and the
system transitions to point 3 from where it continues along
the heavily doped (+) branch.

(see Figure 5e). They are designated as (0) undoped
(blue line between points 1 and 2 in Figure 5e), (—)
moderately doped, and (+) heavily doped (see SI).

For symmetric valence and conduction bands, we
find that the undoped (0) branch is energetically fa-
vored up to the point where the gate potential reaches
the band edge of the undoped system /e (see Sl).
Calculations by Spataru and Léonard® suggest that a
reduction of the effective mass in the majority free-
carrier band, combined with a stronger shift of the
minority free-carrier band and the increase of its ef-
fective mass, may lead to additional stabilization of the
undoped (0) branch up to U = €“/e beyond which
point the system has no choice but to continue toward
higher potentials along the heavily doped (+) branch.
This suggests that gate doping of a 1D semiconductor
in the presence of BGR leads to a sudden transition
from undoped to more strongly doped when the gate
potential reaches the band edge. Within the effective
medium and effective mass approximations discussed
above, the magnitude of the associated charge step is
given by

32mesb
A= @
Consequently, the shift of the band edge becomes
32megb®/*h2.

In Figure 6, we contrast the qualitative charging

behavior for gate doping of a 1D semiconductor with
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Figure 6. Dimensionality and doping-induced BGR. Sche-
matic illustration of the DOS and resulting free-carrier
density for gate-doped 3D, 2D, 1D, and 0D semiconductors.
Band gap renormalization due to electronic correlations
leads to a stepwise increase of the doping level in the case of
1D systems, in contrast to higher-dimensional systems.
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Figure 7. Dependence of oscillator strengths and doping
level on BGR. (a) Free-carrier densities (top) and exciton
oscillator strengths (bottom) as a function of gate potential
for different BGR parameters. (b) Calculated free-carrier
density and quantum capacitance for b = 0.15 eV-nm
(solid lines), including thermal broadening (dashed lines).

the expected behavior for 3D, 2D, and 0D semiconduc-
tors. The 3D and 2D semiconductor densities of states
are expected to support a continuous increase of the
free-carrier density irrespective of the magnitude of
possible BGR, while charging of a 1D semiconductor is
fundamentally different due to the charge step at the
band edge. As discussed briefly in the following, this
unique behavior may be obscured by thermal excita-
tions and by disorder.

In the top section of Figure 7a, we show the depen-
dence of free-carrier density on the gate potential, as
predicted by our model and as illustrated schematically
by the blue line in Figure 5e. The curves represent the
behavior for different values of the BGR parameter b,
with the charge step An clearly increasing for larger
values of b. The corresponding oscillator strengths in the
lower part of Figure 7a are obtained from fs o< (1 — n/n,)
as discussed earlier. It is evident that the slope of the fs,
drop-off at the valence or conduction band edge can be
steep or small depending on the strength of BGR. In the
next section, we will use this observation for an assess-
ment of the magnitude of BGR by comparison with the
drop-off in our experimental data.

In Figure 7b, we plot the free-carrier density and
the corresponding quantum capacitance cyr for b =
0.15 eV.-nm, calculated using cyt = e[an(U)/aU].
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To illustrate the effect of thermal broadening, we have
also convoluted these curves with a Fermi function
(dashed lines in Figure 7b). The discrete charge step at
the band edge will thus enhance the capacitance
expected for the van Hove type singularity of a rigid
1D band structure and may become accessible ex-
perimentally if the ratio kg7/b and the inhomoge-
neous broadening of experimental data are sufficiently
small.

Determination of the Degree of BGR from Experimental
Oscillator Strengths. Next we focus on a discussion of
how experimental data may provide evidence for BGR
and how it allows one to quantitatively assess the BGR
parameter b. To this end, we measured changes of
the S; exciton absorption at the valence band edge of

a b
® expt —— calculated slope

= — calculated f(Sy) —— measured slope
% — broadened f(S;) < Dbest agreement
ETOTT 2 55
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potential to midgap / V BGR parameter b / V-nm

Figure 8. Determination of the BGR parameter b. (a) Experi-
mental bleach of the first sub-band exciton (solid blue
markers), slope at the inflection point (dashed blue line),
and best fit of the calculated (black line) and broadened
oscillator strengths (red line). (b) Comparison of experimen-
tally determined slope in (a) (red line) with calculated slopes
for different BGR parameters (blue line). The point of best
agreement between experimental and calculated data is
indicated by the black diamond at b =0.15 eV-nm.

undoped

o

s, o/ eV
s, o/ eV

moderately doped =~ 0.5 h nm-!

e

the spectroelectrochemical window using smaller gate
potential increments (see Figure 8a). The fs drop-off
toward positive gate potentials has a slope of —6.5 +
0.2 V™' (see Figure 8a).

To compare this slope with predictions from our
model, we calculated spectroelectrochemical windows
of the S; oscillator strength for BGR parameters ranging
from 0 to 0.5 V-nm (see Figure 8a). The calculated
traces were convoluted with a room temperature
Fermi distribution, including an additional inhomoge-
neous contribution of 42 mV, which was inferred from
the spectral width of the S; exciton transition. The
slope of the resulting drop-off in the calculated spec-
troelectrochemical windows is shown in Figure 8b as a
function of the BGR parameter b (blue curve) along
with the confidence range of the experimentally de-
termined slope (red line and pink regions).

As seen from Figure 8b, we obtain best agreement
between the slope of the experimental and the calcu-
lated signal drop-off using b = 0.15 + 0.05 eV-nm.
Here, we used an effective mass of 0.07 m,, as obtained
from curvature-corrected tight-binding band structure
calculations*? and accounting for a 40% doping-
induced reduction of the effective mass in majority
free-carrier bands.®*° Within the above model, this
suggests that the valence band edge is raised in energy
by 40 meV, while the free-carrier density increases
by 0.27 4+ 0.10 nm ™' when the gate potential reaches
the valence band edge of the undoped (6,5) SWNT.
The resulting best fit to experimental data is shown in
Figure 8a as a black dashed line (not broadened) and as
a solid red line (broadened).
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C \\__//
1 -
Pauli-
3 0 T blocked
S transitions
s
N

V2=C2

V2=C1

d
V1—C2
V2—=C1
3
~
= V1=
o
'g 1 1
S
ke-n =0
O r— T 171 — O T
2 A 0 1 0 2 A 0
4 -1
Kon/ MY JDOS Ko.n/ MY

V3V 3
<
Vi—Cy E}
§ Indibanclel
[T——vo—vy ?VZ“V*
Vi vy b VIDVY
0 2 1 0 1 0
-1
JDOS Ke-n/ NM JDOS

Figure 9. Single-particle bands and excitation spectra. (a—c) Tight-binding band structure of (6,5) SWNTs in the extended zone
scheme for undoped, moderately doped, and heavily doped SWNTs. (d—f) Corresponding two-particle momentum-resolved
excitation spectra as well as joint densities of states for k._j, = 0. None of the features in the JDOS can be clearly attributed to the
spectral signatures observed experimentally, underlining the importance of electronic correlations and many particle effects at
all doping levels. The dashed red lines indicate the approximate location of the first sub-band exciton.
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Figure 10. Signatures of electronic correlation in the spec-
tra of s-SWNTs. (a—c) Schematic illustration of the ener-
getics of many particle states observed experimentally and
the single-particle bands predicted by a simple tight-bind-
ing calculation. None of the single-particle transitions can
be observed experimentally, indicating the importance of
electronic correlations and many-particle effects at all dop-
ing levels studied here.

Evidence for Strong Electronic Correlations in Spectra of
Heavily Doped s-SWNTs. Lastly, we return to the unex-
pected 0.9 eV wide and featureless H-band observed
in heavily doped s-SWNTs (Figure 2a and Figure 4). As
mentioned earlier, its appearance is surprising because
a single-particle band structure model cannot account
for transitions in this energy range due to Pauli blocking
of vi — ¢, transitions. This is illustrated in Figure 9, where
we have reproduced tight-binding band structure cal-
culations of (6,5) SWNTs in the extended zone scheme,
including the predicted band gap shifts induced by
doping.*? In Figure 9d—f, we show the corresponding
momentum-resolved two-particle excitation spectra
along with the respective joint densities of states (JDOS)
and band assignments for specific transition regions.

As expected, the JDOS of the undoped (6,5) SWNT
in the NIR and vis spectral range of Figure 9d is
governed by valence-to-conduction band transitions
v — ¢; as well as v; — ¢, and v, — ¢;. New intra- and

METHODS
s-SWNT Sample Preparation. Dispersions of (6,5)-SWNTs in to-

luene were prepared by sonication of 0.5 mg-mL™' CoMoCAT-
SWNTs (SWeNT SG 65, Southwest Nano Technologies Inc.) with

HARTLEB ET AL.

interband transitions emerge for moderate and heavy
doping butdo not lend themselves to an interpretation
of transitions in the H-band between 1.05 and 1.95 eV
(see green shaded area in Figure 9f). Curiously, we find
that the Pauli-blocked transitions between the first
valence and first conduction band of the renormalized
band structure would coincide nicely with the energy
range of H-band transitions.

We summarize the findings of the last section in
Figure 10, where we show schematic energy level
diagrams for experimentally observed many particle
states as well as the corresponding single bands
for undoped, moderately doped, and heavily doped
SWNTs. The poor correlation of the single-particle struc-
tures with the experimentally observed first sub-band
exciton, trion, and H-band features clearly suggests that
many particle interactions and strong electronic correla-
tions prevail in the optical spectra of SWNTs even in the
heavily doped regime with ~1 h-nm™".

CONCLUSIONS

In conclusion, we have studied the effect of gate
doping on the optical spectra and electronic correla-
tions in (6,5) s-SWNTs. We showed that a quantitative
analysis of gate-induced doping is ideally carried out
using the oscillator strength of the first sub-band
exciton. In contrast, PL intensities were shown to
depend nonlinearly on free-carrier densities and thus
systematically yield smaller fundamental band gaps.
We discussed a simple model which describes changes
of carrier densities due to gate doping in the presence
of strong electronic correlations. The model predicts
that gate doping of 1D semiconductors is initiated at
the band edge of the undoped system by a stepwise
increase of the carrier density by 32m.¢b/(°h?), which
is accompanied by a band shift Ae = 32mgb*/m°h>.
Spectra from hole-doped (6,5) s-SWNTs are consistent
with a 40 meV upshift of the valence band edge and a
charge step of 0.27 + 0.10 h-nm ™. This suggests that
BGR in the heavily doped regime (n > 1 nm™") leads
to at least 0.3 eV reduction of the band gap because
the minority band has been predicted to shift more
significantly than the majority free-carrier band.® For
heavily doped SWNTs, the experiments also uncovered
an unexpected featureless absorption band extending
over the entire Pauli-blocked region (H-band). Interest-
ingly, similar spectral changes have also been observed
for chemically doped SWNTs,*® suggesting a broader
significance of strong electronic correlations for the
optical spectra of s-SWNTs.

1.0 mg-mL™" PFO-BPy (American Dye Source) for 7 h and
subsequent benchtop centrifugation for collection of the
supernatant.®® s-SWNT films were prepared by filtration of the
dispersion through cellulose acetate filter membranes (MF-
Millipore VCWP, Merck Millipore). Films were subsequently
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transferred to a Pt-mesh electrode or an indium-tin oxide (ITO)-
covered microscope slide. The filter membrane was dissolved
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Cary-5000 UV—vis—NIR absorption spectrometer, using the in Single-Walled Carbon Nanotubes. Phys. Rev. Lett. 2011,
described electrochemical setup with an s-SWNT film on a Pt- 107, 187401.
mesh as the working electrode. Spectra were recorded for each 10. Heller,1;Kong, J.; Heering, H. A.; Williams, K. A,; Lemay, S. G.;
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