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Fig. 4. (A) DFT calculated angular ionization probability of HOMO [Wyomo(0), dashed line] and HOMO-1

[Whomo-1(0), solid line] at an intensity of 1.4 x 1

oM

W/cm?. (B) Ratio Wromo-1/Whomo from (A). (€) Com-

parison of experiment and theory for the HCl angular ionization probability. The experimental curves are
normalized to © = 0°. Solid line, calculated MFPAD of HOMO-1 convoluted with the experimental angular
uncertainty (+30°); dotted line, same as solid line but including 0.1% of the HOMO angular distribution.

we measure the slit through which the electron
passes, there can be no interference [except for a
post-tunneling shake-up process (4) or the weak
contribution through the X-A coupling]. How-
ever, in many experiments the tunneling orbital is
not distinguishable. Electron wave packets must
escape through the tunnel within a very restricted
time window near each field maximum. Their
coherent superposition will influence the angle-
dependent rates. This kind of interference may be
responsible for the very sharply peaked tunneling
distribution found for CO, (26).

Second, ionization creates an electron and a
correlated ion (27). Simultaneous tunneling from
two or more orbitals locks the phase of the ion’s
states (/7). Hence, a correlated bound electron
wave packet is created in the ion that can be probed
by the tunneled electron through recollision. This
process is the analog to the creation of vibrational
wave packets in molecules by tunneling (28, 29).
Whereas vibrational wave packets typically evolve
on the femtosecond scale, bound electron wave
packets exhibit true attosecond dynamics and are
expected to be a ubiquitous feature of laser-driven
tunneling in both molecular gases and solids (74).

Third, we have shown that tunneling selec-
tively occurs with a specific orientation within a
homogeneous sample. The only requirement for
probing orbitals (and orbital dynamics) in two-
color experiments (30, 317) is that ionization labels
the orbital. Our experiment shows that, in prin-
ciple, molecules could be selected on the basis
of their dipole moment.
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Extremely Efficient Multiple
Electron-Hole Pair Generation
in Carbon Nanotube Photodiodes

Nathaniel M. Gabor,™* Zhaohui Zhong,?+ Ken Bosnick,* Jiwoong Park,® Paul L. McEuen*?

We observed highly efficient generation of electron-hole pairs due to impact excitation in single-
walled carbon nanotube p-n junction photodiodes. Optical excitation into the second electronic
subband E, leads to striking photocurrent steps in the device /-Vsp characteristics that occur at
voltage intervals of the band-gap energy Egap/e. Spatially and spectrally resolved photocurrent
combined with temperature-dependent studies suggest that these steps result from efficient
generation of multiple electron-hole pairs from a single hot E, carrier. This process is both of
fundamental interest and relevant for applications in future ultra-efficient photovoltaic devices.

single-walled carbon nanotube (SWNT),
Awhich can be viewed as a rolled sheet of
graphene, generates numerous species of

one-dimensional charge carriers whose energies
(shown in Fig. 1A) are given by:

ei(k) = £1/(m*2) + (hkvp)* (1)

where v;= 8 x 10° m /s is the Fermi velocity of
graphene, /i is Planck’s constant, 7 k is the carrier

momentum along the length of the nanotube, and
m;* is the effective mass of the ith subband (7, 2).
For a semiconducting SWNT, the band-gap en-
ergy £y, = 2m*vi? s the energy required to
generate an electron-hole (e-h) pair (Fig. 1B),
whereas higher subband energies such as E,, =
2E,; correspond to excitations with greater effec-
tive mass (my* = 2m¥).

The small Fermi velocity and low dielec-
tric constant in SWNTs suggest that high-energy
carriers should efficiently generate e-h pairs. Ef-
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ficient e-h pair generation could lead to highly
sensitive photodetectors (3, 4), electroluminescent
emitters (5—7), and, particularly, improved-efficiency
photovoltaics (8—10). Multiple electron-hole pair
generation could theoretically improve the effi-
ciency of photovoltaic solar cells beyond standard
thermodynamic limits (/7). Recent optical experi-
ments have suggested that such processes occur
in semiconductor nanocrystals (10, 12—14), but
the interpretation of these results is controversial.
We studied electron-hole pair generation in
p-n junctions consisting of individual SWNTs in
a split-gate field-effect geometry shown schemat-
ically in Fig. 1C and as described in previous
work (/5-17). Three independent gates, Vy, V5,
and global back gate Vg, allow selective electro-
static doping along the length of the nanotube.
By applying voltages of opposite polarities on
V1 and V5, a p-n junction is realized, which yields
a built-in electric field £ along the length of the
nanotube (Fig. 1B). Photo-generated e-h pairs
created in the junction are separated by the built-
in potential and accelerated to the device con-
tacts, leading to photocurrent at zero bias.
Devices were placed in an optical scanning
microscope setup that combines electronic trans-
port measurements at low temperature with spa-
tially scanned laser illumination (/7). Figure 1D
shows a spatially resolved photocurrent map
achieved by recording the current / as a focused
laser (A = 532 nm) is scanned over the device at
a source-drain voltage Vsp =0 Vand 7= 50 K.
A photocurrent peak was observed at the loca-
tion of the p-n junction, with a full width at half
maximum of ~700 nm perpendicular to the nano-
tube, consistent with the size of the excitation
beam. We fixed the position of the laser on the
p-n junction and measured /-Vsp characteristics
at various photon energies and 7 = 60 K for a
device of diameter d = 1.4 nm (Fig. 2A). In the
absence of light, the dark /-Vsp characteristic
(black line) demonstrates ordinary p-n junc-
tion transport behavior (15, 16): very small cur-
rent in reverse bias and a threshold for turn-on
in forward bias corresponding to the band gap
of the SWNT. The illuminated /-Vgp character-
istic at low photon energy (Epgoron = 0.75 €V,
red curve) also exhibits a standard p-n junction
photoresponse: constant photocurrent at reverse
and moderate forward bias. At a forward bias
equal to the band gap, the built-in potential dis-
appears and the photocurrent goes to zero at the
open-circuit voltage (Voc = 0.43 V), which
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versity, Ithaca, NY 14853, USA. “Center for Nanoscale Systems,
Cornell University, Ithaca, NY 14853, USA. Department of
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NY 14853, USA. “National Institute for Nanotechnology,
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2M9, Canada.

*To whom correspondence should be addressed. E-mail:
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tPresent address: Department of Electrical Engineering and
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gives the band-gap energy Egap = E11 ~ eVoc
in the p-n junction (/8) (schematic, Fig. 1B).

As the photon energy is increased, we ob-
served a quite different response. The reverse-bias
photocurrent increased with increasing photon en-
ergy and evolved into a series of steps with increas-
ing reverse bias (Fig. 2A, Epgorton = 1.24 eV).
We present similar results for a device of Vo =
0.3 Vin Fig. 2B. Photocurrent steps occurred in
reverse bias, and the photocurrent increased lin-
early with optical power density. We discuss the
dependence of these current steps on source-drain
bias, photon energy, and temperature.

In Fig. 2A, the spacing of the steps in Vgp is
AVsrep ~ 0.4 'V, which is nearly the same as the
open-circuit voltage Voc = 0.43 V. Similarly, in
Fig. 2B, photocurrent steps occur in intervals
AVsrep that are approximately equal to the open-
circuit voltage, Voc = 0.3 V. To determine the
spacing more accurately, we calculated the dif-
ferential conductance |d/ / dVsp| as a function of
Vsp. Figure 2C shows |dI / dVsp| for SWNT de-
vices of diameters 1.5 nm (orange), 2.0 nm (blue),
and 3.6 nm (green). Conductance peaks, corre-
sponding to photocurrent steps, occur at shorter
Vsp intervals for devices of larger diameter. In
Fig. 2D, we plot Voc and AVgrgp versus SWNT
diameter for several devices. The photocurrent step
intervals, AVsrgp, scale inversely with SWNT di-
ameter approximately as ~ 0.66 V-nm / d, shown
as a solid line. This result is consistent with the
reported dependence of the band-gap energy on di-
ameter d: Ey; ~ eVoc ~ 0.7 eV-nm / d (1). We con-
clude that the spacing AVstgp of the photocurrent
peaks is equal to the band-gap £;; of the SWNT.

Photocurrent spectroscopy measurements
show that photocurrent steps occur only for pho-
ton energies Epyoron > 2E1;. In Fig. 3A, we

Fig. 1. Band structure, de- A
vice geometry, and spatial
photocurrent of the carbon
nanotube p-n junction photo-
diode. (A) Electronic band struc-
ture diagram of the carbon
nanotube showing electron-
hole pair creation into the
first subband &, of the nano-
tube. e; labels the electron
(blue) and h; labels the hole
(red) of masses mi*. (B)
(Top) Schematic of the car-
bon nanotube showing p-type
(positive, red) and n-type (neg- B
ative, blue) regions with built-
in electric field £. (Bottom)
Length-dependent potential
energy diagram of p-n junc-
tion at Vsp = 0 V. Dotted
lines represent the electron
Fermi energy in the p- and
n- type regions of the device,

plot the photocurrent spectra for the device of
Fig. 2A at Vsp = Voc / 2 (slight forward bias) and
VSD = 'VOC /2 (Sllght Treverse blaS) At EPHOTON =
0.81 eV, we observed a narrow spectral peak.
Upon normalizing the photon energy by eVoc,
we observe that the spectral peak occurs near
Epnoton ~ 2Ej,, which is consistent with op-
tical absorption into the second subband, E» =
2F1; (1). The extra photocurrent seen at high pho-
ton energy (Epgoton > 2E11) corresponds directly
to the photocurrent steps in the /-Vsp character-
istics in Fig. 2A. In Fig. 3B, we observe a sim-
ilar response for a device of Voc = 0.45 V. We
conclude that the photocurrent steps occur only
under excitation of second subband electrons e,
and holes 4.

The photocurrent steps also occur only at
low temperatures. For the device used in Fig.
3B, we show in Fig. 3C the I-Vsp characteristics
at various temperatures at Epyoron = 0.95 eV
and Epyoron = 0.76 eV (above and below the
spectral peak at Epnoron ~ 2E1)- At Epporton =
0.95 eV (Epyoton > 2E1;), we observed a very
strong temperature dependence and clear photo-
current steps below 7'~ 100 K (Fig. 3C, top). At
Eproron = 0.76 €V (Epaoron < 2E1), in con-
trast, the I-Vgp characteristics show very weak
dependence on temperature, exhibiting no pho-
tocurrent steps (Fig. 3C, bottom). In Fig. 3D, we
plot the temperature dependence of the reverse
(Vsp = -Voc / 2) and forward (Vsp = Vo / 2) bias
photocurrent. For Epyoton > 2E1;, the reverse
bias photocurrent (Fig. 3D top) doubles at low
temperature, and the forward bias photocurrent
shows a similar increase. By extracting the in-
flection point of the reverse bias data, we assign
an onset temperature of 7, = 90 K, below which
photocurrent steps occur. We also measured the

photocurrent (pA)

E,4 is the band-gap energy, and e/ is the magnitude of the open-circuit voltage potential. (C) Experi-
mental schematic of split-gate device under focused optical illumination. (D) Spatially resolved photo-
current map at 7= 50 K with continuous wave laser excitation A = 532 nm and optical power density

25 W/cm? for a device of diameter d = 1.8 nm (V; = =V, = 9.0 V; Vg = Vsp = 0.0 V). Scale bar, 1 um.
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onset temperature for several devices (Fig. 3D,
inset) and observe that 7}, decreases with diame-
ter. Thus, these steps occur only for photon ener-
gies larger than £, and below a characteristic
temperature that depends on the SWNT diameter.

We attribute these photocurrent steps to highly
efficient e-h creation by high-energy charge car-
riers in the second SWNT subband. In the e-h
generation process requiring the lowest excess en-
ergy, the excess rest mass energy of the second
subband carriers (mz*vpz) is combined with the
kinetic energy of the electric field to create an
€, carrier plus electron-hole pairs (Fig. 4, A and B)

e+ Ke.(x) — e; +n(ey + hy) (2a)
and equivalently for holes
hy +Kh(x) — Iy +n(€1 + hl) (2b)

The integer n = 1, 2, 3... indicates the number of
e-h pairs produced in the final state of the genera-
tion process. The intermediate states of Eq. 2 may
involve an &, carrier undergoing several impact
excitation events or a single relaxation event that
results in numerous e-h pairs. The kinetic energy

A
i Eppoton= | OC
. 20
g
e
T
-60 i
) T=860K
-0.43 0.0 0.43
Vsp(V)
B SD
Optical Power
3 Density =
0.4 Wiem?
< 3.4 Wicm?2
-100{ 3
a OPD (Wiem?)
b 5 10
o
2 °
200] 82 Wem -
9.9 Wicm?2 0
06 0.3 0.0 0.3 0.6
Vsp (V)

available to electrons (K.) and holes (K},) created
at a position x along the p-n junction of length L
is given by

Ke(x) = eo(x) (3a)

Ka(x) = ey — eo(x) (3b)
where ed(x) is the electric potential energy and
6¢0 = €¢(L) - e¢(0) = Ell - eVSD is the total
potential energy drop across the p-n junction. The
potential energy drop can be tuned by changing
Vsp. At the open-circuit voltage, Vsp = Voc ~
Ey, / e, the total potential energy drop is zero,
whereas at Vsp = 0, the total potential energy
available along the entire junction is E1;.

This model makes a number of predictions
that can be compared to experiment. First, the
amount of kinetic energy gained by a carrier in
the p-n junction depends strongly on its initial
location (Fig. 4, A and B). For carriers excited
at the edge of the junction, either the electron or
the hole picks up the entire potential energy of
the junction while the other is unaffected (Fig.
4A). For the electron and hole created at the

0.5
P —
M/N\\
s
Z 031" d=1.5nm I I
£
% e IM
= 2.0 nm —
5 0.1 M
0.0 AV STEP %f/ |
3.6 nm
15 1.0 0.5 0.0
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D SD
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2 06
o
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(]
o
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< 04 ’ ’
10 15 20 25 30 35 4.0

NT diameter (nm)

Fig. 2. I-Vsp photocurrent characteristics, diameter dependence of the open-circuit voltage Vo, and
photocurrent step interval Alsep in carbon nanotube p-n junction photodiodes. (A) /-Vsp characteristics at
T = 60 K for SWNT with diameter d = 1.4 nm at various photon energies (labeled), V, =V, =75V, Vg =
1.2 V, and optical power density 25 W/cm?. (B) /-Vsp characteristics at 7= 10 K and Epyoron = 0.79 €V for
a device of d = 2.0 nm and open-circuit voltage Vo = 0.3 V at several optical power densities (labeled)
up to 10 W/cm?. (Inset) Photocurrent at Vsp = O V versus optical power density. (C) Reverse bias
differential conductance ld/ / dVspl (from [-Vsp data) at low temperatures for devices with various
diameters (labeled, offset by intervals of 1.5 nA/V) and multiple optical power densities [normalized and
rescaled for comparison to the bottom device by factors x6 (orange), x3 (blue), and x1 (green) at A =
1420 nm (orange) and A = 1560 nm (blue and green)]. AVsrep labels the Vsp spacing between ld/ / dVispl
peaks. (D) AVsrep and Voc plotted against nanotube (NT) diameter for several devices.
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center, each picks up only half of the junction’s
potential energy (Fig. 4B). The threshold for
impact excitation will depend on the location of
the photoexcitation.

We used scanning photocurrent microscopy
to test this conjecture. In Fig. 4D, we plot photo-
current profiles for a device of Voc = 045 V
taken by scanning the laser (A = 676 nm) along
the length of the nanotube at various Vsp values.
At Vsp = 0.35 'V, we observed a flat photocurrent
profile that extends across the entire p-n junction
with a constant value of ~10 pA. Such standard
behavior does not include the effects of impact
excitation. At Vop = Voc / 2 = 0.225 'V, the
photocurrent profile exhibits a double-peaked
structure with photocurrent maxima occurring at
the edges of the p-n junction, corresponding to
the case shown in Fig. 4A. When the bias voltage
reaches Vsp = 0 V, an additional sharp increase
occurs at the center of the device, corresponding
to Fig. 4B. In reverse bias, the photocurrent peaks
at the edges catch up to the center peak (at Vsp =
-Voc) until finally, at high reverse bias, the center
peak again dominates over the side peaks.

To explore this spatial dependence in detail,
we first fixed the laser on the edge of the p-n
junction (Fig. 4E). The first photocurrent step
occurs in forward bias at Vgp ~ 0.25 V. The first
photocurrent step in forward bias corresponds to
the edge peaks of the double-peaked structure in
the spatial photocurrent profile at low temper-
ature (Fig. 4C). The second step is observed at
Vsp ~ -0.20 V, with a spacing between photo-
current steps AVstep ~ Voc = Enr.

The photocurrent voltage threshold for the
first step highlights a key feature of the e-h gener-
ation process. When the laser is fixed at the edge
of the p-n junction, electron-hole pair creation
first occurs in forward bias at Vo = Y2 E} /e =
Voc / 2. The electric field need only provide ki-
netic energy of 2 £, while the remaining energy
is provided by the conversion of rest mass energy
(or equivalently by excess subband energy), as
indicated in Eq. 2.

For comparison, we next show /-Vsp charac-
teristics with the laser fixed on the center of the
p-n junction (Fig. 4F). Because electrons e, and
holes 4, start at the center of the p-n junction
and gain only half of the electric potential energy,
the applied voltage Vsp threshold for electron-
hole pair production is doubled. Indeed, we ob-
served the first photocurrent step near Vsp =0 V
and additional steps in reverse bias at Vsp inter-
vals of 2Voc. At higher kinetic energies, addi-
tional e-h pair production requires an additional
combined energy of 2E,; from the electric field
(E1; for each of the electron and hole) and leads
to photocurrent steps at larger voltage intervals
of 2Vo¢. This response is consistent with the e-h
pair production process of Eq. 2: The onset volt-
age threshold and voltage spacing for additional
steps depend strongly on the initial location of
the photoexcited carrier.

The extremely high efficiency of the e, +
K. — ey + n(e; + hy) process is an unexpected
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result. Normally, relaxation mechanisms, such  first subband of SWNTs (17, 19-21). We do not
know why the e, — e process reported here is
different. However, other phonons may be im-

as optical phonon emission, are very efficient
for relaxing hot carriers, including those in the

A Epn/eVoc B Epn/eVoc
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Fig. 3. Photocurrent spectroscopy and temperature dependence of pho-
tocurrent in the SWNT p-n junction. (A) Photocurrent spectra for device
of Fig. 2A measured at Vsp = Voc / 2 = 0.225 V (navy blue), and Vsp =
Voc / 2 = -0.225 V (cyan), OPD = 3 W/cm?. Top axis normalized by el/oc.
(B) Photocurrent spectra for another device (d = 1.7 nm, Voc =0.45V, V; =
-V, =6.0V,Vg=15V, T=49K), measured at Vsp = Voc /2 = 0.225V
(navy blue), and Vsp = -Voc / 2 = -0.225 V (cyan), OPD = 3 W/cm?. Top
axis normalized by elVqc. (C) (Top) I-Vsp characteristics for the device in
Fig. 3B measured at photon energy Epnoron = 0.95 eV (blue) at various
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portant in reducing e-h pair generation at elevated
temperatures, as seen in Fig. 4. The thermal en-
ergy at the onset temperature is comparable to
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temperatures (descending in direction of arrow T = 153, 127, 107, 50 K),
OPD = 25 W/cm?. (Bottom) /-Vsp characteristics measured for the same
device at photon energy Epporon = 0.76 €V (red) over the same temperature
range. (D) (Top) Temperature dependence of reverse bias (Vsp = -Voc /2 =
-0.225 V) photocurrent at various temperatures for photon energies
EPHOTON = 0.76 eV (red) and EPHOTON = 0.95 eV (blue). (Bottom) Tem-
perature dependence of forward bias photocurrent (Vsp = +Voc / 2 =
0.225 V). (Top inset) Photocurrent step onset temperature T, versus
diameter for several devices.
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Fig. 4. Spatial dependence of SWNT p-n junction photocurrent characteristics.
(A) Electronic potential energy diagram for the p-n junction at Vsp = Vo / 2V
with electrons and holes generated at the edges of the junction, x = 0 (top) and
x = L (bottom). £, and ¢, label the first and second subbands. (B) Electronic
energy diagram for the p-n junction at Vsp = 0 V with electrons and holes
generated at the center of the junction. For clarity, the electron-hole pairs
generated by impact ionization are not shown. (C) Scanning photocurrent line
profiles for a device of Voc = 0.45 V. The laser (A = 676 nm) is scanned along
the length of the nanotube [top schematic in (A)], and photocurrent is mea-
sured in forward bias Vsp = 0.225 V at the temperatures labeled [also see (21)].
The peaks at the edges of the junction are due to the processes shown in (A) and
are suppressed at elevated temperatures. (D) Scanning photocurrent line
profiles at T = 75 K as a function of Vsp (values labeled). The central peak
appearing at Vsp = 0 V corresponds to the process shown in (B). (E) /-Vsp
characteristics with the laser fixed at the edge of the device at various temper-
atures (labeled). The blue box labels the onset voltage for the first photocurrent

step, and dotted lines mark the voltage spacing V. (F) I-Vsp characteristics with the laser fixed at the center of the device at various photon energies (labeled).
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the radial breathing mode (RBM) energy Erpn ~
TmeV / d nm (I, 2) and other low-energy radial
phonons. Indeed, recent optical measurements
of the relaxation process £,, — Ej; have sug-
gested strong exciton-phonon coupling to the
SWNT radial breathing mode at room temper-
ature (22). Although the low temperature onset
of impact excitation is comparable to the freeze-
out of RBM phonons (7 < Erpm / kg ~ 80 K),
other processes may be responsible.

The impact excitation process e, + K. —
e; + n(e; + hy) differs strongly from impact
ionization observed in traditional semiconduc-
tors in two important ways. First, no avalanche
breakdown behavior is observed here because
hot &, carriers create €; carriers, which do not
undergo additional multiplication at low reverse
bias (see SOM text). Second, the process observed
here is extremely efficient, occurring as soon as it
is energetically allowed. In standard semiconduc-
tors, competing loss mechanisms restrict impact
excitation to extremely large biases (/8).

These results also differ strongly from pre-
vious theory and experiments on SWNTs.
Perebeinos et al. (23) calculated that single-
particle impact excitation in SWNTs should
be highly efficient, but only in the third subband
and higher because of momentum conservation
transverse to the tube axis. We observed a highly
efficient process in the second subband, sug-
gesting that either other carriers or phonons are
involved to conserve momentum. Earlier experi-
ments on SWNT transistors attributed bright elec-
troluminescence (5—7) and avalanche breakdown
(24) (see SOM text) to electron-hole generation
by impact excitation, but as with traditional semi-
conductors, these processes were only observed

at large biases, and the importance of the sub-
band index was not discussed.

The e-h pair creation process observed here
may make possible increased power conversion
efficiency in future photovoltaic devices. The stan-
dard limit of photovoltaic efficiency, first estab-
lished by Shockley and Queisser (11), is set by
the conversion of a single photon into a single e-h
pair. In the SWNT p-n junction, a single photon
with energy EPHOTON > E22 is converted into
multiple e-h pairs, leading to enhanced photo-
current and increased efficiency. Evidence for a
related process, known as multiple exciton gen-
eration (MEG) (10, 12—14), has been observed
in various semiconductor nanocrystals, but these
observations remain controversial, and improved
photovoltaic device behavior has not been dem-
onstrated. The results presented here clearly
show that multiple e-h pairs can be generated
and collected in a nanotube p-n junction. Al-
though implementation of devices exploiting e-h
pair generation into photovoltaic cells will require
substantial future effort, the process observed
here has substantial implications for such tech-
nology and represents a very important step toward
ultra-efficient photovoltaic devices with power
conversion efficiency exceeding the Shockley-
Queisser limit.
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Underplating in the Himalaya-Tibet
Collision Zone Revealed by the
Hi-CLIMB Experiment

John Nabélek,** Gyérgy Hetényi,>t Jéréme Vergne,?+ Soma Sapkota,® Basant Kafle,3s
Mei Jiang,* Heping Su,® John Chen,® Bor-Shouh Huang,® the Hi-CLIMB Team||

We studied the formation of the Himalayan mountain range and the Tibetan Plateau by
investigating their lithospheric structure. Using an 800-kilometer-long, densely spaced seismic
array, we have constructed an image of the crust and upper mantle beneath the Himalayas and the
southern Tibetan Plateau. The image reveals in a continuous fashion the Main Himalayan thrust
fault as it extends from a shallow depth under Nepal to the mid-crust under southern Tibet. Indian
crust can be traced to 31°N. The crust/mantle interface beneath Tibet is anisotropic, indicating
shearing during its formation. The dipping mantle fabric suggests that the Indian mantle is
subducting in a diffuse fashion along several evolving subparallel structures.

he collision of the Indian tectonic plate
Twith Eurasia is the primary force behind
the rise of the Himalayan mountain range
and the uplift of the Tibetan Plateau. The Indian
lithosphere has been underthrusting beneath Tibet
since the closing of the Tethys Sea in the early

www.sciencemag.org SCIENCE VOL 325

Tertiary, and the mountain-building deformation
front has moved southward from the initial collision
contact at the Yarlung Tsangpo Suture by processes
that transfer Indian crust to the overriding plate. Seis-
mological studies [such as (/)] have shown that
the Indian plate continues to underthrust southern

Tibet at least up to the south Lhasa Block, but its
northemn limit and geometry are still uncertain (3).

Here we present a high-resolution continuous
cross section of lithospheric interfaces through the
Himalayas and the southern half of the Tibetan
Plateau constructed from seismological data ac-
quired in 2002-2005 by the project Hi-CLIMB
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