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Band-gap renormalization in carbon nanotubes: Origin of the ideal diode behavior in carbon
nanotube p-n structures
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We demonstrate dramatic modifications to the electronic structure in single-walled carbon nanotubes due to
band gap renormalization, the many-body induced shrinkage of the fundamental band gap. This is examined
within the framework of ideal p-n diodes formed along individual single-walled carbon nanotubes. A combi-
nation of photocurrent spectroscopy with detailed transport measurements provides a complete set of energy
levels of the nanotube p-n structure. These energy levels confirm the large band gap shrinkage, consistent with
enhanced many-body correction in one-dimensional confinement, and result in fundamental changes to the
nanotubes diode transport properties as compared to their bulk counterparts. We show that the ideal diode
behavior is a direct consequence of significant renormalization of the band gap at the doped p and n regions,
resulting in formations of heterointerfaces, in stark contrast to a uniform band gap expected of a homogeneous

material.

DOI: 10.1103/PhysRevB.75.075409

Band gap renormalization (BGR), the shrinkage of the
fundamental band gap due to many-body exchange-
correlation properties of interacting electrons,' is of both fun-
damental and practical importance for understanding semi-
conductors at large carrier densities. BGR has been
examined theoretically and experimentally on a wide range
of different structures of successively lower dimensions.”
With the continued emphasis on reduced features in modern
electronics, quasi-one-dimensional (1D) semiconductors are
expected to take on a greater technological importance with
single-walled carbon nanotubes (SWNTs) representing the
extreme limit of 1D confinement.? With greater confinement,
however, a larger BGR is expected from enhanced many-
body interaction.*~® Here, we provide an analysis of doping
induced BGR in SWNTs. We show that BGR can be a large
fraction of the intrinsic band gap, consistent with theoretical
analysis of 1D semiconductors,*> and much larger than BGR
in higher dimensional structures.”

Similar to the analysis of BGR in bulk materials,2 BGR is
examined within the framework of ideal SWNT p-n
diodes.”® We examine the photocurrent (PC) spectroscopy
with detailed transport measurements to provide a complete
set of energy levels for determining the magnitude of BGR.
As a bipolar device, the transport properties of a p-n diode
depend on the minority carrier densities, which in turn de-
pend sensitively on the band gap. In our diodes, we show
that even though the diode current-voltage (I-V) characteris-
tics follow the celebrated ideal diode equation derived for
bulk materials, the underlying transport mechanism is funda-
mentally different than in bulk diodes. The ideal diode be-
havior in our nanotube diodes is a direct consequence of
significant BGR in the doped p and n regions that enhances
minority carrier densities, and results in the formations of
heterointerfaces between the doped regions and the undoped
region of a homogenous material.

The SWNT diode device is shown schematically in the
inset of Fig. 1. Details of the fabrication process can be
found elsewhere’® with the following device dimensions:
1-1.5 wm for the split gate spacing L (between VGI and

1098-0121/2007/75(7)/075409(5)

075409-1

PACS number(s): 73.63.Fg, 78.67.Ch, 71.10.—w

VG2), 150 nm for the deposited SiO, on top of the split gate
metal electrodes, and >1 um for the lateral overlap between
a gate and a SWNT to produce the doped regions. Unlike in
bulk, our device is ideally suited for studying BGR since
doping is not fixed but can be varied electrostatically. To
form the p-n doping profile, opposite polarity bias is applied
to the split gates to form p-type doping on one end of a
SWNT and n-type doping on the other end. With the portion
L of a SWNT suspended as shown, the band gap states in-
duced from SiO, are removed, leading to the ideal behavior.?
Previous results on p-n diodes based on chemical doping
showed leaky diode characteristics with nonideal behavior
due to tunneling and abrupt junction formation.’

Universally, all diode I-V (current-voltage) characteristics
are compared to the diode equation'®
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FIG. 1. (Color online) The inset shows a schematic diagram of
the split gate diode device with a portion of SWNT suspended. Data
are /I-V curves of a SWNT diode at three different split gate bias
(VG1,2) of %6, 8, and 10 V, and measured at 300 K. The solid lines
are fits to Eq. (1) with n=1.04 for all three I-V curves with I, of
10.5, 37.0, and 84.0 fA.
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where I, is the reverse-bias saturation (leakage) current, ¢
the charge on an electron, Vjg the externally applied bias
voltage, n the ideality factor, Kz Boltzman’s constant, and T
the absolute temperature. The parameters /;, and n are deter-
mined by fundamental materials properties. Ideally, n is pre-
cisely equal to 1 but, depending on the nature of electron-
hole generation and recombination (GR) mechanism, can
take on a value >1 and also depend on voltage. For example,
n=2 is observed when GR is completely mediated by mid-
gap defect states.'?

In elucidating the effects of BGR, we take advantage of
the variability in doping that is established by different bias
on the split gate electrodes VG1,2. A representative set of I-V
curves from a single diode at different split gate bias voltages
is shown in Fig. 1. Each curve follows Eq. (1) (solid curves)
with n close to the theoretical value of 1. The increase in I,
with gate bias is a direct result of BGR, and is one of the
main subjects of our discussion.

The ideal diode behavior implies a very specific GR
mechanism that must take into account effects of BGR. For a
given linear doping density, a diameter dependent BGR (Ref.
4) is expected in SWNTs. In our diodes, BGR is restricted to
the p and n doped regions where carrier densities exceed 5
X 10° cm™ based on a calculated capacitance to the gate at
bias voltages of £10 V. This is a large doping density as
compared to an equivalent bulk doping density. The resulting
band structure is shown in Fig. 2(a) for a small reverse bias
(Vps<0) to illustrate better the origin of I,. The suspended
portion L is unperturbed by BGR since it is not doped and, as
we will show, is also the region where the observed resonant
optical absorption takes place. BGR primarily affects the
band in which the doping occurs!! and results in asymmetric
heterointerfaces with the suspended region, and is in stark
contrast to a uniform band gap expected of a homogenous
material. Since a higher dielectric constant of SiO, than air
confines the fields from the split gates to regions immedi-
ately above them, a sharper boundary forms between the
regions modified by BGR and the unperturbed region L.

The strongest evidence for BGR comes from examination
of the energy levels observed in the PC spectra along with
the activation energy E, of the diode dark /-V curves. Re-
cently, we reported on the observation of a series of exciton
and exciton-phonon peaks in the PC spectra,'? including the
lowest exciton peak E;;, along with the onset of continuum
(Eqp=E 1 +Ep in region L), which measures the exciton
binding energy Ejp. To illustrate these features we show in
Fig 2(b) three spectra from three different devices with simi-
lar first resonant energies. The PC is measured with zero bias
across the diode (Vjs=0), i.e., the short circuit current Ig.
Each spectrum is normalized to the incident photon flux and
to the first peak E;; and, for ease of comparison, is offset
vertically by % unit from each other. For each nanotube, the
PC spectrum shows a series of narrow peaks consistent with
optical absorption of a 1D semiconductor. The series of
peaks are excitonic in nature and featurer a Lorentzian reso-
nance instead of the characteristic 1/VE tail predicted by
one-particle van Hove singularity for joint density of states.
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A clear distinguishing feature is the wide dispersion for the
third set of peaks compared to the first set, which is due to
different (n,m) index nanotubes. This feature is similar to
what has been observed in the photoluminescent data be-
tween excitation energy E,, and the emission energy E;; of
SWNTs in aqueous solution.!'® Peaks 2 are sidebands of E;,
and are the exciton-phonon bound states related to the
~200 meV tangential vibrations.!>14-16

In addition to the peaks, an important feature in Fig. 2(b)
is the observation of the onset of continuum (marked by
arrows in the top two spectra). The onset of the continuum is
evidenced by a weak increase in the PC with photon energy.
Below this onset, the base line spectrum is flat, as indicated
by the horizontal dotted lines. The weak onset is not always
evident as is shown in the bottom spectrum, either due to a
weak background signal or masked by the more dominant
exciton resonance. Over half of the devices show a clear
onset at different energies. The lack of any features and the
weak oscillator strength at the onset of continuum are con-
sistent with optical transitions in 1D semiconductors.!’~!"
This is described through the Sommerfeld factor, the ratio of
optical absorption intensity in the continuum with and with-
out the Coulomb interaction, which is calculated to be less
than 1 in 1D semiconductors.?” This leads to higher oscillator
strength being concentrated in the excitons rather than at the
interband absorption edge, as demonstrated in our data. Our
measured Ej is large (>0.25 eV) and consistent with general
theories of excitons in SWNTs.!7-1?

In conjunction with the energy levels revealed in the PC
spectrum, measurements of E, from the /-V curves in the
dark provide a complete set of energy levels for our nanotube
diodes (E, is measured by heating the diode in 10° incre-
ments from 300 to 340 K). Figure 2(a) illustrates these en-
ergy levels in more detail within our band model. The abso-
lute magnitude of these levels is seen in Fig. 2(c), which
shows that E; and E,,,, measured over a wide range of
leakage current diodes, are considerably above their E, val-
ues. The solid lines are linear fits to their respective data and
the dashed line is for E=E,. The origin of E, becomes clear
when considering the possible mechanisms that give rise to
an ideal diode behavior, for which there are only two. Again,
to simplify our treatment, we examine the generation process
shown in Fig. 2(a) (reverse bias case) rather than the full GR
process.

An ideal diode behavior is either due to a direct band-to-
band generation of electron-hole pairs in the field region L
(Ref. 21) or due to diffusion of minority carriers (n,, and p,)
from the doped p and n regions'? as shown in Fig. 2(a). In
the latter process, thermally generated minority carriers,
within a diffusion length of the edges of the field region L,
diffuse and are swept by the built-in field; each p and n
region contributes /,/2 for a symmetrically doped diode. A
direct band-to-band generation is expected in low defect ma-
terials where thermal generation is not mediated by midgap
defect states. In this case, however, E,=FE,,,=E|+Eg, which
we do not observe. Therefore, we conclude that the origin of
the ideal diode behavior is due to diffusion of minority car-
riers, which we describe in more detail below. Here, E, is
significantly modified by BGR, as illustrated in Fig 2(a), and
is the difference between the Fermi energy E. of a doped
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FIG. 2. (Color online) (a) The band diagram of our diode showing the doped regions (@-electron, O-hole) from the split gates, and the
formation of heterointerfaces between the doped and the suspended portion (undoped) L of a SWNT. Each doped region contributes 1,/2 in

leakage current due to diffusion of minority carriers n,,

and p,. In region L, the optical excitation at £, creates the lowest excitons with a

binding energy Ep. Band bending at S/D interface is due to Schottky contact formation with the metal electrodes. (b) Normalized photo-
current spectra measured at 300C showing the first three peaks to emphasize the onset of continuum (mark by arrows). Each spectra is offset
by % unit in intensity. The horizontal dotted lines help to highlight the onset of the continuum as shown by the arrows. (c) Comparison

between Ejj and Egy
for minority carrier diffusion [Eq. (6)].

region (Ef, or Ep,,) and its minority carrier band edge.
Between different materials in bulk, diffusion current
dominates over direct band-to-band generation for a smaller
band gap semiconductor, where a larger minority carrier den-
sity forms for a given majority carrier doping, than those
with a larger band gap. In our diodes, however, the diffusion
current dominates because of a larger than expected minority
carrier densities in the doped regions, arising from a signifi-
cant reduction in the band gap, and is largely band gap (di-
ameter) independent. On the other hand, the magnitude of
BGR is diameter dependent since this changes the carrier
confinement and hence the many-body interaction (the ca-
pacitive coupling is weakly dependent on diameter). The
larger slope of the fitted lines in Fig. 2(c) are consistent with

vs E, where E,, is the activation energy of the doped regions. (d) Measured I vs E,. The solid curve is from model

a larger BGR expected of smaller diameter (larger E;;)
SWNTs.

Referring back to Fig. 1, since Er moves deeper into the
majority carrier subband with increased doping, in the ab-
sence of BGR, minority carriers n, and p, should decrease
and result in a corresponding decrease in I,. Precisely the
opposite behavior is observed because of the shrinkage of the
band gap. Here, BGR brings Ey, and E, closer to their
respective minority carrier band edges, resulting in increases
of n, and p,. We examine the doping dependence of [ in
more detail in Figs. 3(a) and 3(b) and quantify the magnitude
of BGR based on the analysis of minority carrier generation
rate as derived below.

To facilitate a more quantitative analysis of the diffusion
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FIG. 3. (Color online) (a) Effects of BGR on I, with increased
doping from the split gates. The observed increase in I, with doping
is consistent with large BGR as shown in the inset for the n doped
subband and predicted by the solid curve, and is contrary to a large
decrease expected in the absence of BGR (dotted curve). (b) The
diode I-V curves measured at 7=300 and 330 K for split gate bias
of +5V along with their fits (solid curves) to Eq. (1) using n
=1.05. The inset shows the measured E, vs the split gate bias volt-
age. The decrease in E, with doping is also consistent with a large
BGR with increased doping. The carrier density in (a) corresponds
to the gate doping density in (b) for a measured threshold voltage of
4 V. The calculated band gaps are 0.59, 0.47, and 0.39 eV for the
three doping densities.

current, we plot I, from different devices as a function of E,,
in Fig. 2(d) for fixed doping of £10 V. I is expected to scale
as e EdKBT wwhich we derive below. The diffusion current is
expressed as'’

Iy=q(n, + p,)Lp/T= qDiss(n, + p,)/\Dig, (2)

where n,, and p,, are the minority carrier densities in p and n
doped regions, respectively, D; is the di@on constant, and
7 is the minority carrier lifetime. Lp=D;x7 is the diffusion
length, and represents the portion of a doped region where
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minority carriers, which are generated at the rate 1/7, are
able to diffuse to the edge of the field region L. n, and p,
depend strongly on the position of Fermi level E, especially
with large doping which places E within the majority carrier
subbands as shown in Fig. 2(a). We calculate the minority
carrier density assuming, uncritically, the density of states
(DOS) is unperturbed by doping. For the p-doped region,
DOS for the first conduction subband is given as*?

Dy-——. E>E,,
D(EE)=Y VE*—E}? 3)

c

0, 0<E<E,

where D depends on the chirality of the nanotube. An analo-
gous argument holds for the n-doped region based on sym-
metry of DOS. D(E,E,) exhibits a divergent van Hove sin-
gularity (vHs) at the conduction band edge E. and 2E.. is the
electronic band gap of the lowest vHs. Here, it is sufficient to
consider only the first vHs since Ef , is far from the minority
carrier band edge. The minority carrier density is

n,= ZJO D(E.E.)f(E.Ef ,)dE, 4)

where f(E,Ep,)=( 1+ EErp/KET)~1 s the Fermi-Dirac dis-
tribution function. The factor 2 is for spin degeneracy.
Within our notation Ej, is negative, which is set by the
majority carrier density. Because f(E,Ef ) is a slowly vary-
ing function compared to D(E,E,) near E,, using the Boltz-
man approximation for f(E,Ey) at E., Eq. (4) can be ap-
proximated as

~ Dy o~ EcEp p)IKpT _

4

n N e—E /KBT (5)

P
E,=E.—Ep, is the activation energy, and is larger than the
band gap by Ey—Ep, as show in Fig. 2(a). From symmetry,
po=Nye EdX8T where N,=N,. The difference between Eqs.
(4) and (5) is at most 30% for E, ranging from 0.2-0.7 eV,
and n, ranging over nine decades. This error is less than the
scatter in the data, therefore, a good approximation. We note
the similarity in Eq. (5) to the effective density of states
notation (N-) commonly used to describe carrier densities in
bulk semiconductors.'? To simplify our analysis, we consider
the DOS for arm-chair SWNTs (72,0) (Ref. 22) for which we
calculate Dy=16/37dV, pps where d=1.44 A is the carbon-
carbon bond distance and V,,.=2.5 eV is the nearest neigh-

ppm
bor interaction energy. I, now can be written as

Iy = gDj(Doe 5/X8) 2\ Dyyyr (6)

We use the Einstein relation D/ u=KzT/q, where u is the
minority carrier mobility. Using u=2X 10* cm?/V s, the
best fit is obtained for 7=0.51 X 1072 s [see Fig. 2(c)]. These
values correspond to Lp=0.16 um which is much smaller
than the length of the doped regions (>1 um), validating the
use of Eq. (2) with Ly, as the characteristic length. This 7 is at
least 2X smaller than the lifetime of an equivalently doped
bulk direct band gap GaAs,?*? and suggests a possible de-
crease due to carrier confinement. In our simple treatment,
we have assumed DOS, 7 and u to be constants although it is
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anticipated that they are doping density and (n,m) chiral
index dependent, which may explain some of the scatter in
Fig. 2(d) data.

We now examine BGR in more detail by using Eq. (6) to
analyze the rate of BGR with doping. Fig. 3(a) shows the I,
dependence on gate bias, converted to linear doping density,
and Fig. 3(b) shows the corresponding E,, at these gate biases
(see inset). Note that E, decreases with increased doping as
expected from a significant BGR. In converting the gate bias
to linear doping density, we used an electrostatic gate capaci-
tance of 205 fF/cm obtained from a computer simulation,
with a measured threshold voltage of 4 V. The dotted curve
is the expected I, without BGR and the solid curve is derived
from Eq. (6). Deviations from the dotted curve have also
been observed in bulk diodes?® but to a lesser extent because
of lesser significance of BGR in bulk. Here, we observe a
significant deviation with increased doping because of larger
BGR than the opposing change in Ef, as illustrated in the
inset of Fig. 3(a) for the n-doped subband. In our analysis,
we use the measured E, to calculate the band gap and the
position of Eg. This is then used to calculate n, and p, at
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each doping density. The mobility dependence on doping is
based on Ref. 23. The solid curve represents BGR of
200 meV as the doping is increased from 1.3 10° to 7.7
X 10° cm™!. Clearly, the rate of BGR with doping is large.

The magnitude of BGR can be calculated from Fig. 2(c)
data and the position of E. BGR with respect to the undoped
region is a sum of three terms: Eg, Ey —E,, and Ep,—E.
For example, a nanotube with E;;=620meV, Ej
=290 meV, and Ey,—E-=130 meV,'? this sum is 540 meV
at a doping density of 7 X 10® cm™, or more half the intrinsic
band-gap, and confirms the formations of the heterointer-
faces shown in Fig. 2(a). A similarly large BGR is also pre-
dicted in nanowires.*> By contrast, BGR in bulk materials is
about an order of magnitude less at an equivalent doping
density.?
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