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ABSTRACT

Excitonic and free-carrier transitions in single-wall carbon nanotubes are distinguished using field-enhanced photocurrent spectroscopy.
Electric field dissociation allows for the detection of bound-exciton states that otherwise would not contribute to the photocurrent. Excitonic

states associated with both the ground-state semiconductor and the ground-state metallic nanotube transitions are resolved. The observation
of a metallic excitonic state corroborates recent predictions of a symmetry gap existing in metallic nanotubes.

Optical spectroscopy is now an established technique forwith the E§2 transition, should not be possible for the
probing single-wall nanotube (SWNT) properties and for ground-stateEs, transition. No photocurrent measurements
exploring the potential of SWNTs for optoelectronic ap- have yet been reported, however, for the lower energy
plications! The SWNT optical absorbance spectrum has regime.
frequently been described using a noninteracting model in | this paper, electric-field-dependent photocurrent mea-
which optical excitation across pairs of van Hove spikes in gyrements of a SWNT capacitor are used to distinguish
the electron density of states creates free electhmte between free-carrier and bound-excitonic transitions in the
pairs? Prominent peaks in the absorbance spectrum of SWNT g\wNT excitation spectrum. Near tHg, transistion, both
films are ascribed to the two lowest energy optical transitions excitonic and free-carrier transitions are resolvable with an
for semiconducting nanotube€ and E3,) and to the  exciton binding energy of 110 meV. Near tB8, transition,
lowest energy transition for metallic nanotub&J. Ithas  only a single field-independent peak in the photocurrent
been persuasively argued, however, that the presence ofpectrum is observed, indicating (in agreement with Freitag
Strong Coulombic interactions should make exciton formation et a|9) a fast decay of the exciton into the lower energy free-
the dominant optical absorption mechanism in SWRPs.  carrier stated! Surprisingly, an exciton resonance associated
In fact, recent experimental work has conclusively demon- with metallic nanotubes is also resolved. This can be
strated that optical absorption in SWNTs occurs primarily explained by recent theory that shows that in metallic
through the creation of bound excitons, rather than through nanotubes optical transitions between the overlapping states
the creation of free electrerhole pairs’ This raises impor-  at the Fermi energy are disallowed, giving rise to a symmetry
tant issues on the use of carbon nanotubes for photodetectorgyap?
and on the nature of carbon nanotube photoconductiviy. To probe the SWNT photoexcitation spectrum, we use a
Because optical excitations in SWNTSs create strongly bound gcently described displacement photocurrent spectroscopy
electron-hole pairs, this should block the generation of free {echnique in which the SWNT film under study acts as one
carriers and limit the sensitivity of the SWNT photocurrent pjate of a parallel plate capacitér:¢ This allows for
response. In recent SWNT photocurrent measurementsye|atively large electric fields to be placed across the
performed by Freitag et & optically generated excitons are  panotubes without producing any appreciable dark current.
thought to decay to lower energy continuum states, where oyr measurement setup is shown in Figure 1a. CVD-grown
they can then contribute to the observed photocurrent. Suchs\wNTs are dispersed onto a 10M-thick quartz slide to
a relaxation process, while postulated for excitons associatetgreate a uniform film of nanotubes. TEM and Raman analysis
reveals a narrow distribution of SWNT diameters, with an
* Corresponding author. Phone: 502-852-1554. Fax: 502-852-1577. average diameter of 1.3 nm. A 30 nm layer of ITO is
E-mail: brucea@louisville.edu. deposited by electron-beam evaporation to form a transparent
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Figure 1. (a) Diagram illustrating the test device structure. The
carbon nanotubes lie parallel to the sample surface. The displace- 06 07 08 09 1.0
ment photocurrent is measured by amplifying the out-of-phase
signal generated by pulsed laser light incident on the SWNT/
dielectric/metal capacitor. (b) Band diagram showing the proposed
photocurrent generation mechanism. Shown are the free-catgjer (
and bound-excitonH,) transition energies, along with the exciton
binding energy ).

Photon energy (eV)

Figure 2. (a) Absorbance spectra measure¥at= 0 V (dashed
line) andVy. = 32 V (solid line) for theE‘:’1 transition. (b) The
corresponding displacement photocurrent spectra measured for
biases between 0 and 32 V. The curves are offset for clarity.

slide is anchored to a grounded copper block inside of an
optical flow cryostat. This creates a capacitor in which the pair in the nanotube film. If the excited charge carriers are
nanotube film is coupled capacitively to ground through the free to move, then the band bending at the SWNT/ITO
quartz dielectric. Pulsed laser light incident on the film interface will result in separation of the positive and negative
surface produces displacement current across the capacitorgharge, and a measurable displacement current across the
which can be measured with a lock-in current amplifier. capacitor. If, however, the photoexcited carriers form a
Simultaneous to the displacement current, we also measurédound-exciton state, then no displacement current will be
the absorbance spectrum by detecting the percentage ofmeasured unless the exciton first dissociates into available
incident light transmitted through the nanotube film via a free-carrier states.
hole in the copper block. A dc voltag¥y., applied to the Two main dissociation processes are considered: (a)
ITO film is used to create a variable electric field across the exciton decay into a lower energy state or (b) exciton
device. Our optical excitation source is a Spectra Physics separation through FowleiNordheim tunneling into neigh-
optical parametric amplifier (OPA) pumped by a 130 fs boring states. The FowleiNordheim tunneling process is
pulsed Ti: Sapphire regenerative amplifier with a repetition strongly dependent on electric field, so we expect to see a
rate of 1 kHz. The excitation photon energy is tuned between strong field dependence of the photocurrent at incident
0.4 and 4 eV, and the incident power is kept constant at 25 photon energies corresponding to the bound-exciton ground-
mwW. state energy. Much weaker field dependence is expected at
The carrier generation mechanism in the SWNT film can photon energies corresponding to the free-carrier transition
be understood using the band diagram shown in Figure 1b.energy, or in the case where a decay path to lower energy
Here, the free-carrie) and bound-excitonHg,) transition free-carrier states is available. In contrast with the photo-
energies are indicated for an individual nanotube within the current spectrum, the absorbance spectrum should show only
ITO/SWNT/dielectric capacitor. A built-in potentialo, weak electric field dependence, with no clear distinction
exists at the SWNT/ITO interface because of the difference between free-carrier and bound-excitonic transitions.
in work functions between the SWNT and ITO and the  Figure 2 shows the absorbance and displacement photo-
particular distribution of trapped charge existing at the current spectra in the energy regime ofE‘f@transition for
interface. The biasvy, applied across the capacitor can be applied biases between 0 and 32 V. The absorbance spectrum
used to vary the magnitude of the electric field and, hence, (Figure 2a) shows a single peak at excitation energy of 0.62
the band bending at the ITO/SWNT interface. Under eV; there is no noticeable bias dependence in either the
illumination, photon absorption results in the excitation of position or magnitude of the peak. By contrast, the displace-
an electron from the ground state to form an electrbaole ment photocurrent spectrum (Figure 2b) shows a clear bias
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of lower energy free-carrier states provides a direct pathway
for disassociation of the second-order bound-exciton state.
Of greater interest is the photocurrent spectrum for the
Efl transition, where the exciton peak does not appear in
the photocurrent until a finite bias is applied. Similar behavior
® has been reported in photocurrent measurements of 1D
120 PA polymer chains; in the polymer case, exciton dissociation
has been shown to occur through field-enhanced tunneling
into adjacent free-carrier stat€sAt high fields (approxi-
mated by the binding energy divided by the exciton radius,
or Ey'r), the bound state is destroyed. At intermediate fields,

Absorbance ( % )

32

<

g the barrier to field ionization is not surmounted, but the
§ 15V carriers can still dissociate by tunneling. An analogous picture
P can be used to describe the nanotube system. The maximum
nc‘j electric field in the nanotube film is approximatefy, =
Foleden), WhereFy is the electric field across the quartz,
4V andeq andey are the dielectric constants in the quartz and
nanotube films, respectively. Takirkg to be approximately
V4dd, where the quartz thicknesls= 100um, V4. = 32 V,
€q = 3.8, andey = 7 givesFn = 1.7 x 10° V/m. This field
oV is not large enough for complete annihilation of the exciton,
but as depicted in Figure 1b, dissociation of the excitons in
the SWNT can still occur via FowleiNordheim tunneling
across the potential barrier formed by the exciton binding
11 12 13 14 15 . .
energy,E,. The photocurrent, is then proportional to
Photon Energy (eV)
Figure 3. (a) Absorbance spectra measure®/at= 0 V (dashed 4/2m Eglzt
line) and Vg = 32 V (solid line) for theES, transition. (b) The LUeXA= 3= v T v
corresponding displacement photocurrent spectra measured for q (Vo + Vo

biases between 0 and 32 V. The curves are offset for clarity.
whereyVq. is the fraction of the applied voltag¥y., that
drops across the nanotubes, ani$ the thickness of the
dependence. At 0 V, a single photocurrent peak at 0.73 eV nanotube film. If we také, to be the photocurrent observed
is observed, while for higher bias a second peak appears alith zero applied voltage, then we obtain
0.62 eV, corresponding to the absorbance peak energy. This

lower energy photocurrent peak increases in magnitude with E3% v

increasing bias, until it dominates the higher energy peak. I /lo= exp{ﬂ vame = b VVde — ex;{L
Figure 3 shows the corresponding set of bias-dependent 3 ah Vo (VotyVed (1+ by
measurements performed in the regime offfgtransition. 1)

In this case, a single peak is observed in both the absorbance

(Figure 3a) and photocurrent (Figure 3b) spectra at 1.21 eVv.Which provides an expression for the photocurrent having
The magnitude and position of both absorbance and photo-Only two fitting parameters

current peaks are independent of bias, and there is no splitting

in the photocurrent peak as observed withEgtransition. 4oy Bty 3
As discussed above, the dominant peaks observed in the "3 qh V, andb = V/y

SWNT absorbance spectra have been shown to be due to
the formation of excitonic states. The observed absorbancerg,ve 4a shows Img/lo) plotted versus/y. for the 0.62 eV

peaks can thus be assigned to the grousf}) (and next photocurrent peak, together with a fit to eq 1 for fitting
highest energyE(gz) excitonic transitions in the semicon- parameterss = 1.60 andbs = 2.69 V (where the subscript
ductor nanotubes (Figures 2a and 3a, respectively). For thes refers to the semiconducting transition). Clearly, the
photocurrent spectrum in Figure 3b, the peak responsephotocurrent exciton peak is described well by the field-
matches that for the absorbance peak, and thus also appeagnhanced tunneling model.

to be attributable to the Saﬁ@Z excitonic transition. The We now consider the higher energy photocurrent peak at
fact that there is no bias dependence inEigphotocurrent  0.73 eV in Figure 2b. The lack of bias dependence indicates
peak suggests that the exciton is able to disassociate into ahat free electron hole pairs are formed at this excitation
free electron hole pair without requiring the input of any energy and implies that this peak is due to direct optical
additional energy. This is in agreement with the photocurrent excitation into SWNT free-carrier states. At low bias, the
measurements reported in ref 9. It appears that the availabilityfree-carrier transition is resolvable because the finite field
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Figure 4. Normalized photocurrent versus applied bias for (a) the e
E;, semiconductor exciton transition and (b) tE, metallic o
exciton transition. The solid black circles are the experimental data
points, and the dashed lines are fits to eq 1 usig 1.60,ay = av
0.48, andbs = bM = 2.69 V.
required for dissociation to occur masks the excitonic
transition. At high bias, the excitonic transition dominates;
this dominance is also observed in the absorbance spectrum,
where there is little if any indication of the higher energy ov
peak. We can estimate tlﬁf1 exciton binding energy by

1.7 1.8 19 20

taking the difference between the energy of the free-carrier
Photon Energy (eV)

transition and the excitonic transition, to gie= 110 meV.
This agrees with theoretical predictions for the binding Figure 5. (a) Absorbance spectra measure¥at= 0 V (dashed

energy, assuming a nanotube diameter of 1.3 nm andiine) andVy, = 32 V (solid line) for theEY, transition. (b) The
dielectric constant ok, = 7.1 We note that because we corresponding displacement photocurrent spectra measured for

measure a film of nanotubes the high-energy photocurrentbiases between 0 and 32 V. The curves are offset for clarity.
peak could potentially be due to absorption within a lower-

than-average-diameter SWNT population. However, this of excitons are produced through light absorption than are
implies that there should be some evidence for this nanotubecaptured as photocurrent, and, hence, a much larger number

population in theEfl absorbance spectrum and in tﬁéz of nanotubes contribute to the absorption peak than to the
absorbance/photocurrent spectra. No extra peaks are observeghotocurrent peak. This then implies that the absorption peak
in these spectra, however. should be wider than the photocurrent peak (as is observed).

Absorption into the continuum states is thought to be  Figure 5 shows the (a) absorbance and (b) displacement
extremely weak compared to absorption into the excitonic photocurrent spectra for the high-energy regime near the
states. It might be expected then that the excitonic photo- metallic Eg"l transition. The results are similar to those
current peak would completely dominate the spectrum at high observed for theE}, transition. A single, bias-independent
bias; however, this is not observed. This is most likely peak is observed in the absorbance spectrum at 1.81 eV,
because of the reduced detection efficiency of the photo- whereas two main peaks are observed in the photocurrent
excited excitons compared to the photoexcited free carriers.spectrum: a bias-independent peak at 1.86 eV and a bias-
Only a small percentage of the excitons dissociate by dependent peak at the absorption peak energy of 1.81 eV.
tunneling, and only a fraction of these reach the ITO contact As in theE;; case, the bias-dependent 1.81 eV peak can be
before recombination occurs. Because of this, the magnitudesttributed to a bound-exciton state. Although it is counter-
of the free-carrier and excitonic peaks do not directly intuitive to consider bound excitons existing in metallic
correspond to the relative absorption between the two statessystems, Spataru et ahave in fact predicted the existence
The width of the excitonic photocurrent peak is also not of bound-excitonic states for metallic nanotubes. inn)
identical to the width of the absorption peak, even though metallic nanotubes, there is a crossover between two sets of
both peaks are thought to be due to absorption into anconducting states at the Fermi energy. However, each set of
excitonic state. The peak widths are in part determined by states has different symmetry so that optical transitions
the diameter distribution of the contributing nanotubes. On between the two sets of states are suppressed. This symmetry
average, increasing the number of nanotubes increases thgap allows for the formation of bound-exciton states having
diameter distribution, and in turn produces a wider photo- finite lifetime even in metallic nanotubes. If we assign the
excitation peak. As described above, a much larger number1.86 eV peak to the metallic free-carrier transition, we can
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