Photoluminescence intensity of single wall carbon nanotubes
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Abstract
The photoluminescence (PL) intensity of a single wall carbon nanotube (SWNT) is calculated for
each (n,m) by multiplying the photon-absorption, relaxation and photon-emission matrix elements.
The intensity depends on chirality and “type I vs type II” for smaller diameter semiconducting
SWNTs (less than 1 nm). By comparing the calculated results with the experimental PL intensity
of SWNTs prepared by chemical vapor deposition at different temperatures, we find that the
abundance of (n, m) nanotubes with smaller diameters should exhibit a strong chirality dependence,

which may be related to the stability of their caps.
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1. INTRODUCTION

Recently, photoluminescence (PL) spectroscopy for semiconducting single wall carbon
nanotubes (SWNTs) which are wrapped by surfactants or freely suspended in the air has
been investigated for possible optical device applications in the infrared region [1-5]. A
strong PL emission peak is seen for an (n, m) nanotube at the energy E?, when excited by a
strong absorption at E3,, where EZ is the energy separation between van Hove singularities
for the ground and excited states. The energy separation can be understood in terms of
one-electron energy bands, given by an extended tight-binding calculation with structure
optimization[6] and exciton formation in the presence of an electron-electron interaction
which together are known as the many body effect[6, 7].

When we plot the excitation energy as a function of PL energy, each (n, m) peak intensity
shows a strong chirality dependence. This dependence comes from: (1) the abundance of
(n, m) nanotubes synthesized by some method and (2) the intrinsic PL intensity depending
on (n,m). In this paper we calculate the PL intensity as a function of (n,m) and we try
to obtain the abundance of each (n,m) species obtained by the alcohol catalytic chemical
vapor deposition (ACCVD) method with different synthesis temperatures. We show that the
diameter distribution of CVD SWNTs gives an asymmetric shape around the most abundant
(n,m) peak and especially for smaller diameter nanotubes, the abundance has no regular
chirality dependence.

In PL, we expect (1) an induced absorption of light at E5,, (2) relaxation from E3, to
E? by an electron-phonon interaction, and (3) spontaneous emission at Ey;. The PL inten-
sity is expressed by the product of these three factors. Here we assume in accordance with
how the experiments are typically performed that (a) the photon absorption and emission is
continuous in time, (b) the excitation power of the light is not so strong and therefore no sat-
uration of the absorption is expected, (c) the electron-photon interaction is sufficiently slow
compared with the electron-phonon interaction[8, 9] and that (d) the initial fast relaxation
by the electron-electron interaction does not affect the PL intensity. The last assumption is
justified for the case that the excitation energy is close to E5,.

When we consider the relaxation path from E3, to E7; in a SWNT, we can expect many
different kinds of paths by emitting and absorbing many phonons with different phonon

modes which satisfy energy-momentum conservation. Thus it is very hard to obtain an



averaged relaxation rate for an exciton transition from E3, to Ef;. Here we simply assume
that the relaxation rate of the transition from the energy minimum of the EJ, band to
the Ey, energy band and to the other E5, band states by absorbing one phonon is a rate
representative of the whole process. This rate may determine the total flow of electrons to
ES.

In section 2, we show how to calculate the photon absorption and emission and the
electron-phonon interaction in SWNTs. In section 3, we compare the calculated results for
the PL intensity with experimental results obtained from samples prepared by the high pres-
sure CO method (HiPCO) and from ACCVD samples prepared at different temperatures.

In section 4, a summary of this paper is given.

2. MATRIX ELEMENT CALCULATION
A. Photon absorption and emission

The calculation of the photon-absorption and emission matrix element is based on our
previous paper.[10] However, we have since then added some factors to give the relative
intensity per unit length of a SWNT within a relaxation time. Thus we again give the
formula that is also used in the present calculation. The optical transition matrix element

(f|Hopt|?) is generally expressed within the dipole approximation, exp(ik - r) ~ 1, as
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in which Py, nxy and wy) are the polarization vector, the number and the frequency of
photons with wavevector k and mode A, respectively. Here wy; is the energy separation in
frequency between the initial and final states.

The transition rate as a function of time from the initial state to the final state, Wy;(¢),



is given as a function of time by Fermi’s golden rule
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The unity in nyy, + 1 for emission corresponds to the spontaneous emission of light, while
the term proportional to ny, corresponds to the induced emission (or absorption).

In the case of the spontaneous emission, the density of final states is given by

widw, (3)
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where we take only the polarization direction of the light parallel to the nanotube axis[11].
When we integrate the terms corresponding to the spontaneous emission over w, we can
take p, and [(¥;|P - V|¥;)|* out of the integrand around w ~ w;; and we then get
ezhwif
= 55 (V[P V[T (4)
The intensity of the spontaneous emission is proportional to the photon energy w;s. On the
other hand, the intensity of the induced absorption can be calculated by replacing ny, by
VI(w)dw/chwy,[12] then
me’l
Wab = ————— (I[P - V[¥;) %, (5)
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where I is the intensity of the incident light and ~ is the spectral linewidth in units of [1/s].

B. Electron-phonon interaction

The electron-phonon interaction is calculated from the deformation potential of the lat-

tice,

<f|He—ph|i> = <\Ilf(r7 kl? t) |5V(r7 q, t) |\Ili<r7 kv t>> (6)

The deformation potential vectors are calculated by the extended tight-binding potential

and wavefunction using the inter-atomic potentials proposed by Porezag[13].
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It is noted that we properly considered the effect on the deformation potential of the
curvature effect and the on-site energy term[14]. Details of the method will be reported
elsewhere. The scattering probability from k to all possible k’ by the vth phonon mode is
given by

B 1D, (k,X)|*> [dE(u/, k)
Wi = det/Zk, w, (k' — { dk’ 1
O(w(k) — w(k) —wu(k’ — k) (7)
eBhw, (K'=k) _ |
N d(w(k') —wk) + w, (kK —k)) }7

1 — e~ Bhw, (kK ~k)

where D, is the electron-phonon matrix element, S = v/3a? /2 is the area of a 2D graphite
unit cell, d; is the nanotube diameter, and M is the carbon atom mass[15]. The second
and third lines on the right-hand side of Eq.(7) describe the phonon absorption and emis-
sion processes, respectively. The summation in Eq.(7) is over a series of points on cutting
lines that satisfy both energy and momentum conservation. Using Eq.(7), we can get the

relaxation time for each phonon mode as well as the total relaxation time|9].

3. CALCULATED RESULTS
A. Induced absorption and spontaneous emission

First we calculate the probability of induced absorption and spontaneous emission of an
(n,m) SWNT, at the Ej, and EY, excitation energies, respectively. In a one-dimensional
material such as a SWNT, electron-electron and exciton effects should be included for ob-
taining the excitation and emission energies[16-18]. In our previous calculation, these two
effects were found to be large and to mostly cancel each other. The final correction to the
one-electron energy is on the order of 0.1eV and this can be expressed as a function of
diameter and chiral angle[7]. Here we simply use EJ, and E? values as the one-electron
energies obtained by the extended tight-binding calculation[7] and by including the many
body correction term to this calculation[6]. For simplicity, we did not here consider the
effect of the localized wavefunction of an exciton. We still need to investigate the form
of the wavefunction of the photo-excited exciton and its relaxation by emitting a phonon,
which will be a future work. Recently some of the present authors published a paper[19]

showing that a Raman analysis and an optical absorption analysis of the same sample give
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FIG. 1: Calculated photon absorption spectra for a (6,5) SWNT (solid line). The joint density of

states (JDOS) is shown for comparison (dotted line).

the same result, which indicates that the process near Fj, is more important for explaining
the chirality dependence than the process near EY,.

The transition probability is expressed by the product of My, = |P - (¥;|V|¥;)|* and
the joint density of states (JDOS). In Fig. 1 we plot the JDOS for a (6,5) SWNT in units
of states/eV/(carbon atom), (dotted line) and the product of the JDOS and M,y for po-
larization parallel to the nanotube axis (solid line), respectively. Because of selection rules,
the matrix element has a maximum value around the E: positions, which results in a sharp
photon absorption around the E: point, even though there is a continuous JDOS value as
a function of energy.

In Fig.2, we show the (a) induced absorption intensity at Fj, & 0.05eV and the (b)
spontaneous emission intensity at Ep; 4= 0.05eV for semiconducting (n,m) SWNTs whose
diameters lies in the range 0.6 nm < d; < 1.5 nm. Open and solid dots denote type I and
IT semiconducting SWNTSs, respectively, in which the values of mod (2n +m, 3) are 1 and
2, respectively[6]. We connect dots with the same 2n + m values to show both the family
pattern and the chiral angle dependence. The integration width 0.05eV is taken from the
experiment[5] where the JDOS does not show an ideal peak but rather shows some width
around 0.05eV. As we can see from Fig. 2(a), the induced absorption has a linear dependence
on diameter which is known from Eq. (5). The absorption intensity for type I semiconducting
tubes is stronger than that for type II tubes over this wide diameter region. The reason
why the intensity for type I is stronger than for type II is that the matrix element as a

function of k is highly anisotropic around the K point[10], and thus the matrix element for
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FIG. 2: (a) Induced absorption intensity at EJ, + 0.05 eV as a function of diameter. Open and
solid dots denote type I and II semiconducting SWNTSs, respectively. (b) Spontaneous emission
intensity at Efl 4+0.05 eV which is inversely proportional to the square of the tube diameter. Points

with the same indicated 2n + m values are connected.

semiconducting type I SWNTs, which have their vHS £ in the direction of K — M, becomes
larger. The singularity in the JDOS for type Il semiconducting SWNTs is more singular
than for type I tubes because of the effect of trigonal warping on the equi-energy contour[20].
The touching of the cutting line to the equi-energy contour is longer for type II SWNT's than
for type I SWNTs and this effect gives rise to a larger JDOS value. Nevertheless the total
intensity is mainly determined by the matrix element. The large (the small) values for type
I (IT) correspond to near zigzag SWNTs (0 ~ 0°) and the central intensities for type I and
IT tubes correspond to near armchair SWNTs (6 ~ 30°).

On the other hand, the spontaneous emission intensity is inversely proportional to the
square of the tube diameter, as shown in Fig.2(b), which can be understood by Eq. (4).
Compared with the induced absorption, the difference between the predicted spontaneous

emission for type I and II semiconducting tubes is small.



For a given diameter SWNT, the induced absorption intensity Wy, and the spontaneous
emission intensity We,, are expressed, respectively, by Wy, = M/ E222 and We, = M X Eqq,
which are given by Eqgs. (5) and (4), respectively. Since we know from Fig. 2 that E}, < EJ}
and M' > MY we get W = M'/(EL)?> > WL = MY/(EN)?2. As for Wy, since the
two inequalities of B, > EX and M' < M"Y nearly cancel each other, thus we get Wl =

M'x E}, > WIL = MM x EIl. Thus the chirality dependence of the relative absorption and

emission intensities is understood on the basis of the trigonal warping effect.

B. Relaxation process by phonons

The PL intensity is expected to be proportional to W, X We,,. However in the experiment,
no significant chirality dependence is observed in the absorption spectra, but a chirality
dependence is observed in the emission spectra, though the calculated results are opposite
to the experimental results when we only consider W, and Wey,.

Here we point out the importance of the relaxation process from E5, to Ey} in determining
the real PL intensity. This point is justified by the following facts : (1) only a few percent
of photo-excited excitons can contribute to PL,[2] and (2) the electron-phonon interaction
is much faster (0.1ps) than the photon emission process (0.1ns)[21]. Thus we need to spec-
ify which relaxation path is important for the PL process. Although the electron-phonon
scattering process is restricted by the energy-momentum conservation condition of electrons
and phonons, there are still many possible relaxation paths. Among them, we argue that
the first step of the relaxation from Ey, limits the speed of the relaxation processes, since
all possible relaxation paths should start at Es,.[15] Once the electron (or hole) is relaxed
from FEj,, we can imagine that the exciton will be relaxed to the E? position with some
radiative relaxation probability.

In Fig. 3, we plot the relaxation rate (inverse of the relaxation time at Ey,) which is given
by Eq.(7), in which we consider not only phonon emission but also phonon absorption at
300K from E3,.

Because of the factor d; in the denominator of Eq.(7), the relaxation rate is inversely
proportional to d;. Moreover the relaxation rate clearly shows a family pattern (chirality
dependence) both for type I and II semiconducting SWNTs. For semiconducting SWNT's

with large chiral angles (close to armchair nanotubes), the difference in 1/7 between type I
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FIG. 3: The relaxation rate at Ey, for semiconducting SWNTs. Open and solid dots denote type I

and II semiconducting nanotubes, respectively. Points with the same indicated 2n 4+ m values are

connected.

and IT is not so large, while for SWN'T's close to the zigzag nanotube chirality, the relaxation
rate for type II SWNT becomes smaller than for type I.

The strong chirality dependence and the difference between the 1/7 for type I and IT semi-
conducting tubes comes from the anisotropic electron-phonon matrix element[14] and the
trigonal warping effect[20], respectively. When we consider the relaxation rate at EZ,, there
are two possible scattering paths: intra-valley (AV) and inter-valley (EV) scattering[15]. In
EV scattering, the electron scatters from the K to K’ (or from the K’ to K) points in the
2D Brillouin zone, while AV scattering connects different k states near the K (or K’) points,
and the two processes result in different phonon wavevectors ¢ near the K (or K’) and I'
points, respectively.

The main contribution to the relaxation rate comes from LO phonons, which have energies
of about 0.16eV and 0.20eV for EV and AV scattering, respectively. The related number of
phonons for these energies can be calculated by using the Bose-Einstein relation for phonon

emission and absorption (8 = 1/kgT),

1
oo 7 T 1 (emission)
Bhwy (q) _
ml@=4 | (8)
eBhws(@) — 1 (absorption).

The fractional part of Eq.(8) can be neglected relative to 1 for energies larger than 0.16eV,
and then we only have unity in Eq.(8) for the emission process contribution to the relaxation.

For type I SWNTSs, there are four (n,m) values with very small relaxation rates. That is,
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for the (7,2), (8,0), (9,1), (11,0) tubes, the relaxation rate is almost zero, as shown in Fig. 3.
This is because the energy separation between E5, and EY| is smaller than the LO phonon
energy and thus there is no contribution to the relaxation from the LO phonons for these
four SWNTs. The relaxation rate is a maximum for type I semiconducting SWNTs when
the energy separation is close to the LO phonon energy. This maximum corresponds to
(n,m) close to zigzag nanotubes such as (10,2), which like the (11,0) tube, belongs to family
22.

Though the number of acoustic phonon modes which have very small energies around the
" point (for AV scattering) could be much larger than the number of LO phonon modes, the
electron-phonon matrix elements are approximately zero for these acoustic modes. Thus,
except for the LO mode, other phonon modes don’t contribute much to the PL relaxation
process. It should be mentioned here that we did not take into account the contribution from
the acoustic phonons whose energies are smaller than 0.02eV. This is because the phonon
amplitude becomes singular at finite temperature for very small phonon energies, though we
know that the matrix element becomes zero from analytic expressions, and thus the overall

contribution from the low energy acoustic modes can be neglected.

C. PL intensity

The PL intensity is assumed to be the product of (1) the induced photon absorption, (2)
the relaxation rate at EJ, and (3) the spontaneous photon emission, and the PL intensity
is plotted as a function of diameter in Fig. 4. It is clear from Fig. 4 that the PL intensity is
generally stronger for smaller diameter SWNTs and for type I semiconducting nanotubes,
and the PL intensity exhibits an opposite chirality dependence for type I and type II tubes.
The PL intensity increases (decreases) by decreasing the chiral angle for type I(II) tubes,
except for the low chiral angle (7,2), (8,0), (9,1) and (11,0) type I tubes that exhibit very

low PL intensities, due to their very small relaxation rates (see Section B).

D. Comparison with experiments

The (n, m) dependence for the PL intensities as calculated here can be used to understand

experimental results. First of all, experimental results usually show stronger PL intensities
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FIG. 4: PL intensity for semiconducting SWNTs. Open and solid dots are, respectively, for type 1

and type II semiconducting SWNTs. Points with the same indicated 2n +m values are connected.

for type I SWNTs[1-5]. It is unlikely that growth procedures produce more type I than
type II tubes, and this intensity difference can be explained by our calculations. Another
important result is the absence of PL signal from the low chiral angle (11,0) tube in HiPCO
samples|2], despite the fact that this tube has a diameter (d; ~ 0.9nm) at the center of the
diameter distribution in HiPCO samples (0.6 < d; < 1.2nm). Once again, it is unlikely that
the (11,0) tube in particular is not produced, even if there is a preferential production of
larger chiral angle tubes. The absence of PL intensity for the (11,0) tube is another result
that can be explained by our calculations, providing strong support to the prediction that
interband relaxation is dominated by LO phonon-related processes. It is interesting to note
that a very similar type I vs type II intensity dependence was predicted by a rather different
physical model (Reich et al.[22]), that considers exciton-exciton resonance and a constant
thermalization rate. However, this excitonic model fails to predict the experimental absence
of PL signal from the (11,0) tube, and overestimates the chirality dependence observed
for type II tubes. In both cases the experimental results are correctly described by our
calculated (n, m) dependent PL intensity calculation values.

The experimentally observed PL intensity is a product of the present calculated PL
intensity for each (n,m) SWNT and the population of (n,m) SWNTs in the sample. Thus
the population for each (n,m) semiconducting SWNT can be obtained by dividing the
experimental PL intensity by the calculated PL intensity. The discrepancy between the

calculated and experimental absorption spectra mentioned in the previous section can be
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FIG. 5: Calculated population obtained by the ratio of the (observed PL intensity)/ (calculation
PL intensity) for SWNT's prepared by the HIPCO method (at 1000°C) and by the ACCVD method
at 850°C, 750°C, 650°C.

understood by some cancellation of the chirality dependence by the population effect.

In Fig.5 we show the thus-calculated population for different samples prepared by the
HiPCO method at 1000°C and for samples prepared by the (ACCVD) method[5] operating
at the different temperatures of 850°C, 750°C, and 650°C. Although we see a strong chirality
dependence for the calculated PL intensity, a weak chirality dependence of the population
for a given diameter is observed, especially in the relatively larger diameter region. For
the smaller diameter region, however, we can see a large population of SWNTs near the
armchair regions. This is because the experimental results show a large PL intensity near
the armchair region[5], while the calculated PL intensity gives a relatively small intensity
both for type I and II semiconducting SWNTs.

In TableI, we show the calculated absorption and PL intensities for each (n,m) tube
whose diameter is smaller than 1.2 nm combined with the experimental PL intensity values
of HiPCO samples. This table will be convenient for the reader to understand the entries

for each (n,m) value compared with Fig. 5.
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It is clearly shown that the experimentally observed chirality dependence of the PL inten-
sity comes not only from the population but comes also from the intrinsic PL dependence on
chirality, except for some singularly large population of (n, m) tubes, such as the (6,5), (7,5),
(7,6), (8,4), (8,6), (8,7) and (9,7) tubes which is shown in Fig.5. The obtained population
as a function of diameter (left) shows that the peak (for the dominant diameter tubes) de-
creases with decreasing synthesis temperature, reflecting the fact that a small cap is formed
at low temperatures. An important point can be seen from the population plot as a func-
tion of chiral angle, showing some family patterns which indicate a diameter dependence for
similar chiral angle SWNTs. It is pointed out that the distribution of the (n, m) population
as a function of diameter is not symmetric around the peak, except for the HiPCO sample.
We can see a non-uniform population in the smaller diameter region for the HIPCO tubes
in Fig. 5, below the diameter where the population peaks.

We can ascribe this situation to the stability of the cap structure. In a former
calculation[23], it was found that the cap of the (9,1) SWNT is about 1.0eV less stable
than other caps with similar diameters, since the cap structure of the (9,1) nanotube is
deformed from a hemi-spherical shape. For the (9,1) SWNT, since there is only one possible
cap structure, this unstable cap is needed to grow a (9,1) SWNT. On the other hand, for a
large diameter SWNT, the number of possible caps increases exponentially with increasing
diameter. Thus we can find a relatively stable cap structure for small diameter tubes which
should be dominant in nature. Thus even though the synthesis temperature decreases in
the CVD method, the population for smaller diameter (d; < 0.8nm) SWNTs is governed by
the stability of the cap.

Another possible reason why the armchair nanotube is dominant in the abundance is the
chirality dependence of the dispersion ability. Hashimoto et al. reported that near zigzag
SWNTs easily form a bundle due to the stronger van der Waals force[24]. This may suggest

that near armchair SWNTs have a high dispersion ability in the micellar solution.

4. SUMMARY

We have calculated the PL intensity by multiplying the photon-absorption, phonon-
relaxation and photon-emission matrix elements. Photon-absorption and photon-emission

matrix elements show family patterns in which the matrix elements for type I tubes are
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TABLE I: Calculated absorption and PL intensities and experimental PL intensities for a HIPCO
sample for each (n, m) tube whose diameter is smaller than 1.2 nm in arbitrary units. The left and

right sides correspond to SWNTSs of type I and type II, respectively.

type I type 11

(n,m) d¢ nm] 6 [°] W, Ipn Imipco |(n,m) dy nm] 6 [°] Wa, Ipr  Imipco

(6,4) 0.69 2349 216 1.48 0.14 | (6,5) 0.75 27.02 1.85 0.67 4.12
(7,5) 0.82 2454 204 071 761 |(7,6) 0.89 2747 1.98 0.47 13.86
(8,3) 0.78 15.40 243 213 093 |(84) 0.83 19.19 1.77 0.46 8.49
(8,6) 096 2531 2.18 049 20.20 | (87 1.02 27.80 2.06 0.30 16.68
(9,1) 0.75 540 275 0.07 322 |[(9,2) 080 995 1.67 0.40 3.29
(9,4) 091 1753 227 0.70 9.39 |(9,5) 097 20.66 1.88 0.28 12.38
(9,7) 1.09 25.88 222 0.27 1959 |(9,8) 1.16 28.06 2.14 0.19 11.51
(10,2) 0.88 9.09 2.67 238 199 |(10,3) 0.93 1279 1.80 0.28 8.13
(10,5) 1.04 19.16 2.33 0.47 11.58 |((10,6) 1.10 21.81 2.03 0.21 13.09
(11,3) 1.00 11.79 2.53 0.59 9.90 |[(11,1) 0.91 4.41 1.73 026 7.72
(11,6) 1.17 20.37 242 0.26 938 |[(11,4) 1.06 14.95 1.93 0.20 7.54
(12,1) 098 4.04 2.63 0.87 553 |[(12,2) 1.03 7.67 1.87 0.20 6.08
(12,4) 1.13 1397 257 0.54 6.52 [(12,5) 1.19 16.64 2.13 0.16 544
(13,2) 1.11 7.09 252 042 6.67 |[(13,3) 1.15 10.18 1.98 0.17 4.49

larger than for type II because of the trigonal warping effect of the electronic structure and
because for near zigzag SWNTs a larger (smaller) matrix element is predicted than for near
armchair SWNTs for type I (type II) semiconducting SWNTs. The relaxation rate at E5,
shows that the optic LO phonon gives a large contribution to the relaxation rate. When
the energy separation between Ej, and E7, is smaller than the LO phonon mode energy,
the rate drastically decreases and suppresses the PL intensity. By dividing the experimen-
tal PL intensity by the calculated PL intensity, we get the population of individual (n,m)
SWNTs for different synthesis temperatures. The peak tube diameter shifts to a larger di-
ameter with increasing synthesis temperature. For smaller nanotubes, we found that some
(n,m) SWNTs with chiral angles near armchair SWNTs gives a large population among the
SWNTs, and this effect may be related to their stable cap structure.
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