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ABSTRACT: Conversion efficiency (CE) is the most
important figure of merit for photodetectors. For carbon
nanotubes (CNT) based photodetectors, the CE is mainly
determined by excitons dissociation and transport of free
carriers toward contacts. While phonon-assisted exciton
dissociation mechanism is effective in split-gate CNT p—n
diodes, the CE is typically low in these devices,
approximately 1—5%. Here, we evaluate the performance
of a barrier-free bipolar diode (BFBD), which is basically a
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semiconducting CNT asymmetrically contacted by perfect n-type ohmic contact (Sc) and p-type ohmic contact (Pd) at the
two ends of the diode. We show that the CE in short channel BFBD devices (e.g., 60 nm) is over 60%, and it reduces
rapidly with increasing channel length. We find that the electric-field-assisted mechanism dominates the dissociation rate of
excitons in BFBD devices at zero bias and thus the photocurrent generation process. By performing a time-resolved and
spatial-resolved Monte Carlo simulation, we find that there exists an effective electron (hole)-rich region near the n-type
(p-type) electrode in the asymmetrically contacted BFBD device, where the electric-field strength is larger than 17 V/um
and exciton dissociation is extremely fast (<0.1 ps), leading to very high CE in the BFBD devices.
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SWCNT) is the subject of extensive study in both

nanoelectronics and nanophotonics as a possible
replacement of silicon-based transistors and photodetectors."”
For photodetectors, conversion efficiency (1) is the most
essential figure of merit. Due to the quasi one-dimensional
nature of the SWCNT, photoexcited excitons with binding
energy of hundreds of meV dominate the photocurrent spectra
of carbon nanotube (CNT)-based detectors.” > However, the
mechanism as to how excitons, which cannot contribute
directly to photocurrent, are dissociated into free carriers is still
under discussion.

Recently, phonon-assisted dissociation mechanism was
confirmed as one possible channel in split-gate p—n diodes.’
Compared to traditional detectors, the conversion efficiency
(1—5%) of these diodes is low, which is ultimately limited by
the low phonon density involved.”” Another possible
mechanism is electric-field-induced dissociation,® which might
exist in barrier-free bipolar diodes (BFBDs).” In these devices,
phonon-assisted exciton dissociation is negligible. This is
because the exciton binding energy in a CNT is typically
higher than the optical phonon energy (0.18—0.2 eV), and
phonon energy dissipation to the substrate in BFBDs is

S emiconducting single-walled carbon nanotube (s-

-4 ACS Publications  © 2016 American Chemical Society 9595

prominent,lo_14 However, how excitons in these devices
dissociate and whether the efficiency is better or not than
that of split-gate p—n diodes have never been studied.

RESULTS AND DISCUSSION

In this paper, we first evaluate quantitatively the conversion
efficiency of BFBDs by measuring photocurrent spectra under
the first (E,;) and second (E,,) exciton resonance excitations.
Figure la shows a representative false-colored scanning
electron microscopy (SEM) image and a schematic diagram
of a BFBD. The CNTs used in this study are grown on an n*
silicon/SiO, substrate using chemical vapor deposition (CVD)
method. Palladium (Pd) and scandium (Sc) electrodes are
deposited by the standard e-beam exposure and deposition
methods. All results discussed in this paper are obtained from
19 BFBD devices fabricated on the same s-SWCNT. These
BFBDs exhibit excellent rectification behavior. Current and
voltage (I-V) curves of three BFBD devices with different

Received: July 28, 2016
Accepted: September 15, 2016

Published: September 15, 2016

DOI: 10.1021/acsnano.6b05047
ACS Nano 2016, 10, 9595—-9601


www.acsnano.org
http://dx.doi.org/10.1021/acsnano.6b05047

ACS Nano
d

_\
m
4

v T Te—r——rr—-r

el s aseed s oseed 2 oseed 2osed oasend sosed ssseed osneed

-
m
N
N

b B Bkl

1E-14 [ N 1 1 1 1 N 1 M
-06 -04 -02 00 02 04 06 08 10 1.2

SiO,/Si DrainV(V)
C Chopper d 4.0x10™ R R T R S R
Controller 3.5x10" | ]
E,~0.74eV

3.0x10™"

- 2.5x10™"
CW laser .
Lock-in

Amplifier

2.0x10™" Chirality : (17, 1) i

1.5x10™"

!
o
PhotoCurrent(A)

1.0x10™" E,~1.43eV J

Device .
Preamplifier

5.0x10" | L
0.0 —
I Il ’l’l L L I I
0.6 0.7 0.8 1.3 14 15 16

E . (eV)

Figure 1. Geometry and performance of BFBDs using asymmetric p-type (Pd) and n-type (Sc) contacts. (a) A representative false-colored
SEM image and a schematic diagram of a BFBD. (b) I-V curves of three BFBD devices fabricated on the same (17, 1) SWCNT but with
different channel lengths. (c) Experimental setup for measuring photocurrent spectra. The device is working at zero-bias and zero-gate-voltage
condition. (d) Photocurrent spectra of totally 19 BFBD devices fabricated on the same (17, 1) SWCNT but with different channel lengths.

channel lengths are shown in Figure 1b. We now consider Epc)?, where E;pc is the ith peak energy in photocurrent
evaluating the photocurrent conversion efficiencies (17) under spectra and Eff ades IS the reference resonance energy,"
the E;; and E,, exciton resonance conditions. The # for the ith respectively. E,., is the distance in energy space between the
(i = 1,2) resonance is defined as measured excitons resonances and the nearest match in the
L(E) CNT Atlas. The minimized E,., is approximately 30 meV,
n =————— which is in the same range of experimental uncertainty reported

" N®(E)-c,
9 ii (1) in optical absorption experiments and photocurrent resonances

. 16,17
experiments.

To calculate the conversion efficiency, we employed an
empirical relation of the spectral weight. Spectral weight is

where I,(E) is the photocurrent under the ith exciton
resonance, ¢ is the elementary charge, and @ is the photon
flux (measured in photon per unit time and per area). N = L,

4(n® + nm + m¥)2 /a\/3 is the number of carbon atoms within defined as the integration of the absorption cross section with

the channel, where n and m are the chirality numbers of the respect to photo energy, which can be written as §; = [6;dE,

tube, a = 0.249 nm is the lattice constant for carbon nanotubes, where i (=1, 2) represents the ith transition. It is shown, both

Lg, is the channel length, and o;; is the absorption cross section theoretically and experimentally, that the dependence of the

per carbon atom. spectral weight on nanotube diameter can be captured by the
To measure the photocurrent in BFBD devices, a lock-in relations:'® S;; ~ 0.8/d, and S,, ~ 0.73/d%%%, where d, is the

technique is employed. The experimental setup is depicted in tube diameter in unit of nm and S; is in unit of 1077 cm?eV.

Figure 1c. Figure 1d shows the photocurrent spectra obtained The conversion efficiency is thus given by

from 19 BFBD devices with different channel lengths around

E,; and E,, photoexcitation. All BFBD devices were fabricated / 1.0,dE

on the same SWCNT, and its chirality is determined to be (17, n, = i

1) by minimizing the residual energy,'® EZ, = E(Ef g — Si )
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Figure 2. Experimental raw data and extracted conversion efficiencies. (a—b) Experimental and normalized fitting curves of 17,,°6}, and 7,,°6,
for devices fabricated on the same (17, 1) SWCNT but with different channel lengths. Discrete symbols represent experimental data, and solid
lines are Lorentzian fit of these data. (c and d) Conversion efficiencies 77;; (c) and 7,, (d) for BFBD devices with different channel lengths
under the E,; and E,, photoexcitation, respectively. The red dash lines in (c) and (d) are simulated conversion efficiency for devices with
different channel lengths using Monte Carlo method. The best fit between experimental and simulation results is obtained for L. ~ 12 nm.

Table 1. Data Related to the First Exciton Peaks
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average

variance

Ly, (nm) Ej (eV)
60 0.738
80 0.741

120 0.738
125 0.739
126 0.74
145 0.739
146 0.741
180 0.742
180 0.735
183 0.737
190 0.735
250 0.735
255 0.731
260 0.737
270 0.735
360 0.736
370 0.731
460 0.738
470 0.739
0.737
0.003

fwhm,; (eV)

0.045
0.041
0.041
0.044
0.039
0.044
0.044
0.040
0.040
0.042
0.045
0.045
0.044
0.039
0.049
0.044
0.038
0.043
0.045
0.043
0.003

4.520
5.456
2918
4.837
2.903
1.881
3.319
2.056
2.740
3.987
4.370
1.737
1.236
2.058
0.867
0.800
0.634
0.753
0.194
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o1y X 10717 em

2

Sy X 10720 cm? eV

0.179
0.187
0.095
0.169
0.089
0.067
0.117
0.066
0.089
0.139
0.158
0.064
0.045
0.063
0.036
0.030
0.019
0.026
0.007

M
0.607
0.633
0.324
0.573
0.300
0.226
0.396
0223
0.301
0.470
0.536
0.218
0.151
0.213
0.123
0.101
0.064
0.090
0.024

oy X 1077 em?/C

7.4
8.6
9.0
8.4
9.7
8.3
8.4
9.2
9.1
8.5
82
8.0
8.2
9.6
7.1
7.9
9.8
8.4
8.1
8.5
0.7
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Table 2. Data Related to the Second Exciton Peaks

dev. Ly, (nm) E,, (eV) fwhm,, (eV) Gyl X 10717 cm? Syl X 1072 cm? eV N 65, X 1077 em?/C
1 60 1.427 0.066 0.593 0.041 0.137 4.3
2 80 1.433 0.073 0.878 0.065 0.217 4.0
3 120 1.431 0.083 0.492 0.041 0.137 3.6
4 125 1.437 0.080 0.319 0.027 0.090 3.6
S 126 1.431 0.084 0.594 0.050 0.165 3.6
6 145 1.434 0.085 0311 0.024 0.079 3.9
7 146 1.426 0.073 0.867 0.064 0.214 4.1
8 180 1.436 0.077 0.668 0.053 0.176 3.8
9 180 1.429 0.080 0.627 0.052 0.174 3.6
10 183 1.429 0.081 0.243 0.018 0.061 4.0
11 190 1.423 0.074 0.036 0.028 0.092 3.9
12 250 1.428 0.071 0.417 0.031 0.102 4.1
13 255 1.429 0.073 0.267 0.020 0.066 4.1
14 260 1.422 0.073 0.449 0.033 0.111 4.1
15 270 1.425 0.069 0.304 0.021 0.071 4.3
16 360 1.439 0.073 0.136 0.011 0.035 3.9
17 370 1.425 0.078 0.231 0.018 0.061 3.8
18 460 1.434 0.074 0.144 0.011 0.037 3.9
19 470 142 0.071 0.094 0.007 0.023 4.1
average 1.429 0.076 39
variance 0.005 0.005 0.2

We note that although #;; is energy dependent, which changes a
little over the energy range around the ith exciton resonances
(about tens of meV) and is thus assumed to be a constant in
the integration in eq 2.'® The product of the cross section per
atom with the conversion efficiency can be derived by
normalizing the photocurrent spectrum (e.g, Figure 1d),
which is n,0; = I,(E)/qN®(E). Fitting the 5,0, curves for
each exciton resonance to a Lorentzian profile, we derived the
full width half-maximums (fwhms), peak positions, peak values,
and integrated peak areas under each resonance. Figure 2a,b is
the normalized #,0; and fitting curves for E;; and E,,
resonances, respectively. Statistical analysis on results obtained
from totally 19 devices with different channel lengths gives
fwhm,; = 43 + 3 meV and fwhm,, = 76 + S meV; E,; = 0.737
+ 0.003 eV and E,, = 1.429 + 0.00S eV for E,; and E,, exciton
resonances, respectively. The peak area is the integration in eq
2. The conversion efficiency #; is obtained by dividing the peak
area by the spectral weight S; Moreover, o; is derived by
dividing the peak value of 7,0, by the corresponding 7,
yielding o, = 8.5(0.7) X 1077 em?/C and 65, = 3.9(+0.2) X
107"7 cm*/C, which are consistent with the previous reports on
optical absorption experiments and photocurrent resonances
experiments.'”'® These results are summarized in Tables 1 and
2.

Figure 2¢,d shows the 7, and 7, obtained from 19 devices
with different channel lengths, respectively. In long-channel
BFBD devices, both 7, and #7,, are in the same range as that
found in split-gate diodes.'® However, these values increase in
short channel-length devices. Under the E;; exciton resonance
and at zero bias, the photocurrent in BFBDs results mainly
from the dissociation of E;; excitons. Under the E,, exciton
resonance, the photocurrent can be generated from the E;;
continuum band before decaying into E;; excitons, but high
bias voltage should be applied to extract carriers.'”*’ Since
BFBD works at zero-bias condition, 7,, results also from the
dissociation of E;; excitons. Two mechanisms have been
proposed to explain exciton dissociation in CNTs, i.e., phonon-
assisted dissociation and electric-field-assisted dissociation.”*

9598

The prerequisites for the former mechanism are (1) exciton
binding energy (E;) is not larger than the optical phonon
energy (Eq =0.18—0.2 eV); and (2) optical phonon occupation
number is high. However, Ey of (17, 1) nanotube is E;~ 024
eV, which is much larger than the optical phonon energy Eq.21
In addition, optical phonons in BFBDs can efficiently decay
into the heat bath provided by the substrate, because the
nanotube used in this work is not suspended.'”'**** The
phonon occupation number is thus very small, and the phonon-
assisted dissociation mechanism is not the dominate mecha-
nism for the BFBD device discussed here.

In principle, excitons can also be dissociated via electric-field-
assisted dissociation mechanism, but this mechanism requires a
high electric field. Applying a strong electric field along the tube
axis, a bound exciton can dissociate into a free electron and a
hole in the first continuum band. The dissociation rate is given

by8
) (3)

where F, = BE}>m"?/eh, m is a reduced exciton mass, F is the
applied electric field, 7 is the Plank constant, and @ = 4.1 and
= 1.74 are constants. The exciton binding energy E, ~ 0.34/
d,”" where d, is the nanotube diameter and is in unit of nm.
Given an electric field, we can calculate the exciton dissociation
rate of the (17, 1) nanotube, which is plotted in Figure 3a. The
rate is highly sensitive to the electric-field strength. When F is
larger than 17 V/um, ki' < 0.1 ps, and this time is more than
100 times shorter than the nonradiative lifetime of excitons in
the nanotube (~10 ps).”* Given this field, it is reasonable to
assume that almost all excitons are dissociated by the field. On
the other hand, ki increases rapidly with reducing F. When F is
reduced to be <13 V/um, the exciton lifetime then becomes
comparable to the nonradiative lifetime of excitons. In this
situation, electric-field-assisted exciton dissociation becomes
less important and contributes little to the photocurrent.

The electric-field strength in a device is related to the charge
distribution in the channel. In a BEBD, Pd (Sc) contact to the

)

E, | (
*P F

kF(F) = a; F €.
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Figure 3. Exciton lifetime and schematic diagrams of charge
transfer and electric field in a BFBD device. (a) Exciton lifetime
(kg') in the (17, 1) nanotube as a function of electric field.
Schematic diagrams illustrating (b) charge transfer between the
CNT channel and n-type (Sc) and p-type (Pd) contacts; and (c)
band bending near the contacts. Holes (electrons) transfer from the
Pd (Sc) contact into the channel and decay within S,4 (S.), and the
region between these two hole- and electron-rich regions is neutral
with negligible amount of charge.

nanotube is in side-contact geometry, providing perfect ohmic
contact to the valence (conduction) band of the s-
SWCNT.'**>*° Beneath the contact, there exists a small gap
of around 0.3 nm between the metal and the nanotube because
of van der Waals interactions.”” At the interface, charges are
transferred across the separation from the metal to the
nanotube and are balanced by the image charges in the
metal, of equal magnitude but opposite charge.”*” The density
of the transferred charges decays away from the interface into
the channel.””*” When both Pd and Sc are deposited on a s-
SWCNT, the electrostatic attraction between holes from the Pd
contact and electrons from the Sc contact will increase the
density of both charges near the contact. Since the s-SWCNT
used here is unintentionally doped, all charges in the CNT
channel are injected or transferred from the contacts. Figure 3b
shows a schematic diagram illustrating the net charge
distribution in a BFBD.

In principle, electric field in a channel may be measured via
atom force microscopy (AFM).*>’" Since the electric field
drops quickly near the contact (Spg and Sg. in Figure 3c), the
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tip radius of the AFM should be very small to see the field
variation near the contact. So far, no such experiment results
have been reported. Here, we aim to estimate the electric-field
strength to assess whether or not the build-in field in a BEBD is
strong enough to dissociate excitons in device. In general, the
contact barrier for holes can be written as*®

A=Ay — eVonr 4)

where Viyr is the self-consistent electrostatic potential on the
CNT channel with transferred charges, and A, = E, + y — @,
where E, is the bandgap, y is the electron affinity, and @, is the
metal work function. For the (17, 1) tube with a diameter d, =
1.39 nm, the barrier is estimated to be A < 0.01 eV.”® For
electrons, the contact barrier is similar, both electrons and holes
can be injected without barriers into the s-SWCNT channel at
room temperature when suitably biased. Figure 3c shows the
band diagram of a BFBD. The voltage drop for holes from the
Pd contact to the middle of the channel is Vy,,, ~ —=Ag ~ 0.5 V.
It is shown that the shortest channel length that can retain the
rectifier characteristic in a BFBD is around 50 nm.”” Supposing
a neutral region in the BFBD is ~10 nm, the region where the
voltage Vy,, takes place is then approximately 20 nm. If we
assume a constant charge density within this region, the average
field strength is 25 V/um, which is sufficiently large to induce
excitons dissociation and to contribute to the photocurrent.
The maximum electric-field strength in a real BEFBD should be
larger than this value, since realistic charge density drops much
faster than the assumed linear form.” We conclude that
excitons in (17, 1) will be effectively dissociated in this build-in
electric filed.

Since exciton dissociation rate depends sensitively on the
electric field (Figure 3a), to a first order approximation, we
assume that there exists two effective regions (Spq and Sg. in
Figure 3b,c) near the Pd and Sc contact, where electric field is
strong (e, >17 V/um) so that excitons can be effectively
dissociated in these regions. Further into the nanotube channel,
electric field is rapidly reduced, and electric-field-assisted
dissociation is ignored. To estimate the width (L.4) of these
high field regions, we assume that Spq and Sg. are of the same
width, and we employ a time-resolved and spatial-resolved
Monte Carlo simulation to model the excitons’ dynamic
behaviors in BFBD devices. We integrate the excitons
dissociation over time and space to obtain the conversion
efficiency ():**7°

n = [ ke()ny (x, )dadt
' [ G, t)dxdt o

where G; is the generating function of the excitation pulse for
the E; photoexcitation and i = 1,2. Details on the simulation are
given in the Supporting Information. The width (L) of Spq
and Sg. is found to be approximately 12 nm, which best
describes the data presented in Figure 2¢,d for conversion
efficiencies of devices with different channel-lengths.

Careful examination of Figure 2c,d reveals that #,; is slightly
larger than 2L./Ly. This suggests that only a few excitons
initially generated outside the high field regions (Spq and Sg.)
may diffuse into the these regions and contribute to
photocurrent before disappearing via such effective processes
as exciton—exciton annihilation and recombination in the low-
field region.35_37 For E,, excitons, the decay rate (k;}') from E,,
state to Ej; state is estimated to be k3 ~ 0.5 ps. This value is
consistent with results measured in femtosecond transient
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absorption spectroscopic studies.**™**** This is the reason why

1, is generally lower than 7, in the same device because of the
nonradiatively decay of E,, excitons by Auger recombination in
the effective region. ?

CONCLUSIONS

In summary, we have shown that electric-field-assisted exciton
dissociation mechanism dominates the photocurrent generation
in BFBD devices. The exciton dynamics in the CNT is
simulated by a time-resolved and spatial-resolved Monte Carlo
model. We found that, effectively, there exists two high-field
regions (~12 nm) near the n-type contact (Sc) and p-type
contact (Pd), where as a result of charge transfer from the
contacts, the field is larger than 17 V/um so that excited
excitons within these regions may be effectively dissociated
within 0.1 ps and contribute to photocurrent. This mechanism
enables a high conversion efficiency of over 60% in short
channel devices (e.g, 60 nm), but reduces rapidly in long
channel devices where most of the low electric-field region
contributes little to the photocurrent generation. So far, the
CNT-based BFBD has been shown to be a promising candidate
for applications in nanophotonics for its outstanding proyerties:
high voltage output,40 high dynamic range,41 small size,”* zeros
source—drain bias, ease of fabrication,” and most importantly
high conversion efficiency.

METHODS

Experimental Details. The light source used in this work is a
super continuum wave (CW) laser (NKT photonics) which is
assembled to a Raman system (Horiba Jobin-Yvon, HR800). The lock-
in system consists of a lock-in amplifier (SRS, SR830), a chopper
(SRS, SR540), and a current preamplifier (DL Instruments, Model
1211). A Labview program is designed to control the output laser
wavelength and acquire signals simultaneously. To calculate the
photon flux in the channel, the laser power is first measured using a
Germanium photodetector (Thorlab, S122C). The Gaussian diameter
(the diameter of the beam at which its intensity equals 1/¢” that of the
maximum) of the laser spot is derived through cutting-edge
measurement (Figure S3a). Considering the chromatic aberrations
of the optical lens, we measured the Gaussian diameters every 50 nm
in the range of laser wavelengths in photocurrent measurements, and
interpolation method is employed to obtain ¢(E) for E in the S0 nm
gaps. The results obtained from measurements at the center of the first
(Ey;) and second (E,,) exciton resonances are shown in Figure S3b.
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