NANO
LETTERS

Bioinspired Detection of Light Using a R

Porphyrin-Sensitized Single-Wall 20312036
Nanotube Field Effect Transistor

David S. Hecht, T8 Robert J. A. Ramirez, *8 Mikhail Briman, T Erika Artukovic, f
Kelly S. Chichak, * J. Fraser Stoddart, * and George Gr uner*-'

Department of Physics and Astronomy and Department of Chemistry and Biochemistry,
California NanoSystems Institute, 405 Hilgardekhue, Uniersity of California,
Los Angeles, California 90095

Received May 30, 2006, Revised Manuscript Received July 25, 2006

ABSTRACT

Single-wall carbon nanotube (SWNT) field effect transistors (FETS), functionalized noncovalently with a zinc porphyrin derivative, were used

to directly detect a photoinduced electron transfer (PET) within a donor/acceptor (D/A) system. We report here that the SWNTSs act as the
electron donor and the porphyrin molecules as the electron acceptor. The magnitude of the PET was measured to be a function of both the
wavelength and intensity of applied light, with a maximum value of 0.37 electrons per porphyrin for light at 420 nm and 100 W/m 2. A complete
understanding of the photophysics of this D/A system is necessary, as it may form the basis for applications in artificial photosynthesis and

alternative energy sources such as solar cells.

Porphyrin, the light-absorbing chromophore in chlorophyll, also shown promise either as artificial photosynthetic de-
plays a central role in photosynthesis. The uniqueness ofvices! or as power supplies for molecular machifgs.
porphyrins is, to a large extent, their long-lived intermediate Recently, reports on porphyrin/fSWNT hybrids have estab-
electronic state that is accessed upon their irradiation by lished- their ability to serve as the active layer in solar cell
visible light. It is this photoexcited porphyrin state that devices. For use in photovoltaic devices, noncovalent func-
initiates an electron-transfer process within the grana of the tionalizatiort*15 of SWNTs with porphyrin derivatives has
chloroplast. Nature’s process of electron transport has beerpeen an attractive approach since it does not destroy the
mimicked in the form of an electron donor/acceptor (D/A) desirable electronic properties of SWNTSs. As such, under-
pair utilizing porphyrin derivatives combined with a comple-  standing the dynamics of the PET occurring within D/A
mentary electron-accepting species. Charge-separated stategmposites is essential for the full realization of their
have been studied by forming composites between porphyrinpotential as photosynthetic materials. In the present report,
derivatives and carbon-based nanostructures such#$'C e used field-effect transistors to directly monitor the
and, more recently, single-wall nanotubes (SWNTElese  jnteractions between a zinc(ll) metalloporphyrin/SWNT

states have extremely long lifetimes with reported durations system upon irradiation with visible light (Figure 1a).
in excess of 30Qs for porphyrin/fullerengand 10us for

porphyrin/SWNT dyads. A variety of spectroscopic studies
performed in solution indicat@that a photoinduced electron

There is an extensive body of wdfk’ describing the
response of SWNT field effect transistors (FETS) to various
transfer (PET) occurs from the porphyrin to the carbon-base danalytes. Those analytes noncovalently attached to the surface

of a SWNT are expected to have two effects that can change

species. . .
. . . the SWNT conductivity. First, there may be a charge transfer
The photophysical properties of porphyrin/fullerene dyads between the analyte gnd the nanotubg changinggthe carrier

make them strong candidates for applications as nanostruc-

tured photovoltaic devices. Dyads based on porphygi/C C(_)nc_entrationr(). S.e cond, the analyte may actas a_r_andomly
self-assembled on an indium tin oxide (ITO) electrode, distributed scattering potential, changing the mobility ¢f

show?® high photocurrent generation efficiencies, and have the charg_e carrier. Since conductivity is defineddby neu
(where e is the electron charge), a measurement of the
* Corresponding author. Tel: 310-825-8782. Fax: 310-825-5734. E- conductivity alone cannot distinguish between a change in
maTiI: ggruner@ucla.edu. the carrier concentration and a change in the mobility of the
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Since these shifts correlated well with the Hammett param-
eter, it is their conclusion that the shifts observed are due to
charge transfer between the aromatic compound and the
SWNTSs. In contrast, a change in the mobilityleads to a
change in the device transconductance called the tilt (defined
as the ratio of the slope of tH¥s curve to its initial slope,
where both slopes are measured at zero gate voltage). A
decrease in the device mobility can be caused by geometric
deformations introduced along the nanotube by the analyte,
by randomly charged scattering centers, or by changes
occurring at the tubetube interface. Our previous investiga-
tions of protein binding to nanotubes using a FET have
demonstrated the importance of distinguishing between a
change in mobility and a change in carrier concentration.

SWNT FETs were fabricated using a chemical vapor
deposition (CVD) process where the SWNT networks were
grown on silicon wafers (5000 A of oxide), with a network
density just above the percolation threshold (1.6 tubeg/
Figure 1b)?® With an average tube length of/8n and an
average tube diameter of 1.5 nm, the surface coverage is
0.72%. The networks were contacted by thermally evaporated
Pd/Cr sourcedrain electrodes. We then used a lithography
step, followed by an oxygen plasma etch, to define nanotube
channels of known length and width between the source and
drain electrodes. The channel length) (vas 500um and
the channel width\W) was 100Qum. By working with such
long channelsl({ ~ 300 times greater than the SWNT length),
we are operating in a regime where the contact resistance
arising from the presence of Schottky barriers is small
compared to the resistance of the nanotube network itself.
On top of the SWNTS, LL of porphyrin dissolved in DMF
(1.2 x 107% M) was added and dried in vacuum. This method
of drop-casting a photoactive compound onto a SWNT
network has been reported previo#élio provide a strong
enough interaction to show evidence of charge transfer upon
illumination with light. Care was taken to apply the porphyrin
only to the middle two-thirds of the SWNT channel, such
that no porphyrin was within 10@m of the contacts.
Therefore, any change in the device characteristics should
be attributed to resistance changes occurring along the SWNT
device. (b) atomic force microscopy image of CVD grown SWNTS channel and not in the Schottky barrier at the contacts. Figure

used. Average SWNT length3 um, average tube diameterl.5 1c shows a schematic of the transistor device.
nm. (c) Schematic of the device used for transistor measurements. The transistor characteristics of the device were measured

Figure 1. (a) Zinc(ll) metalloporphyrin used to coat a SWNT FET

A layer of the porphyrin was cast from a solution BEN- by applying a 15 mV bias between the sourceain
\(/jvlgf::hylformamlde on top of SWNTs grown by CVD on a silicon electrodes while sweeping the gate voltage betwe6nv

at 250 mHz (gate amplitude and sweep rate optimized to
anisms. Extensive experimentation has established that, inminimize hysteresis). Figure 2a shows the transfer curve for
SWNT network devices, changes nlead to shifts of the ~a SWNT FET, both before and after the addition of
threshold voltage (the voltage where the device first turns porphyrin, and two distinct changes are noticeable. First, and
on). For example, previous studies have shwfithat the most apparent, is a suppression of the soudrain current
binding of electron-accepting molecules (NG, TCNQ) to for all gate voltages. This is most likely the result of the
a SWNT leads to a threshold voltage shift toward positive addition of charged scattering sites (porphyrin molecules)
gate voltages, while the binding of electron-donating mol- distributed randomly along the nanotube, thus decreasing the
ecules (NH, PEIl) leads to a shift toward negative gate hole mobility, and is in broad agreement with previous
voltages. In another example, studies were done on thereports of a porphyrin-coated SWNT FESTAnother possible
interaction between monosubstituted benzene compounds andause for the drop in mobility is that the porphyrin is
SWNTSs; it was found that the shift of the transfer curve is affecting the inter-SWNT contacts, which could easily disrupt
proportional to the Hammett values of the substituéhts. the current through a network that is close to the percolation
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a Bare SWNT FET range used. This indicates that the addition of porphyrin
107k ~——— Composite FET introduces a shift in the threshold voltage toward negative
gate voltages; however, because there is no well-defined
10°}F “off” state in the bare SWNT device, it is difficult to
z determine the magnitude of this shift. The shift introduced
:g 10"} by adding porphyrin to the SWNT FET could be caused by
either (a) the ground-state charge transfer of electrons from
10"} the porphyrin to the SWNTs or (b) the displacement of
oxygen molecules from the surface of the SWNT$hese
10"} two distinct changes (shift and tilt) become more pronounced
250k at high porphyrin concentrations, as more SWNTs become
coated with porphyrin molecules. The device characteristic
20n} shown in Figure 2a has reached the saturation value of shift
< and tilt, indicating full porphyrin coverage of the two-thirds
S 1snp of the SWNT network channel that was coated.
1.0n} The photoresponse of the porphyrin-coated FET was
investigated by its illumination with an LED centered at 420
500.0p |- nm (15 nm full width/half max), which approaches the center
0.0 wavelength of the porphyrin Soret band (416 nm). The LED
was placed 1 cm from the device and calibrated such that
50 uW of light falls on the device area of % 10" m? (100
4 W/m?). Figure 2b shows the transfer curve of the device in
C ON OFF the dark (red curve), illuminated by light (green curve), and
3l ' ' again in the dark (blue curve). The response of the device
S to the light is a shift of the threshold voltage toward positive
£ 2f voltages, indicating hole doping of the SWN¥sThus,
5 photoexcitation of the device causes a transfer of electrons
1} from the SWNTs to the porphyrin. By contrast, if the light
was modifying the intertube contact resistance, the result
ok Light ON would be a change in device mobility, indicated by a tilt in
1 L ) L the transfer curve, and not the shift that we have observed.
115+ d The photoresponse is fully recoverable after removal of the
110} light, indicating complete recovery of the transferred elec-
trons. The direction of the threshold voltage shift indicates
§1-05 - that the process transfers electrons from the SWNTSs to the
o | porphyrin, which is quite surprising since porphyrins are
’ thought to be electron donof€:2 An explanation for this
0.95 discrepancy is that the direction of the PET may depend on
0.50 several factors: (a) the orientation of the porphyrin molecule

along the SWNTs, (b) the functionalization method of
SWNTs (covalent or noncovalent), and (c) the molecular
structure of the particular porphyrin derivative used. Since
Figure 2. (a) Transfer curve of SWNT FET (250 mHz gate sweep there was initially a ground-state transfer of electrons to the
rate, 15 mV gate sweep amplitude), before (black) and after (red) g\wWNTs upon addition of porphyrin, the PET simply indicates

addition of 1uL of 1.2 x 10°® M porphyrin in DMF. The FET -
device (V= 1000xm andL = 500m) was measured in the dark at least partial recovery of these transferred electrons. In other

for both curves. Up and down sweeps have been averaged. (b)VOrds, upon photoexcitation of the porphyrin, some of the
Transfer curve of device before (red) and after (green) illumination electrons that had been transferred to the SWNT in the

by 100 W/nt (420 nm peak at 15 nm fwhm) light supplied by an  ground-state are transferred back to the porphyrin molecule
LED. Light was left on for 1000 s in an otherwise dark room. The i the excited state. Therefore, the porphyrin molecule may

blue line shows transfer curve after light has been turned off, . . . :
showing full device recovery. The green curve show\V shift remain an overall electron donor in the excited state, albeit

of the transfer curve toward positive gate voltages (indicating @ Much weaker one than it was in the ground state.
enrichment of holes along the nanotube) while under illumination.  The time dependence of the change in carrier concentration
(c, d) Fits to the data obtained in (b) show the shift and the tilt of (ghifty and the change in device transconductance (tilt) was
the t_rans_fer curve as a func_t|0|_1 of time (data point taken every 4 further analyzed. Shown in parts ¢ and d of Figure 2 is the
s). Light is on during times indicated by the shaded box. . ) )

time dependence of the response as the light source was
threshold. The second change in the transfer curve is theturned on and left on for a period of just over 10 min before
presence of an “off” state in the device coated with porphyrin being shut off. Transfer curve sweeps were recorded every
that is not present in the bare device for the gate voltage 4 s and fitting algorithms were used to extract the shift and

0 500 1000 1500
Time (s)
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tilt for each curve. Figure 2c shows a quick (time scale a -
Intensity (Wim®)

ms) shift of the transfer curve in response to irradiation by ol p 0.63 —— 0.86 —— 1.97
e 6.8 18.0 344

light, followed by a slow tilt (Figure 2d) that occurs on the '
order of several minutes. We interpret these time scales to
indicate that the shift is a consequence of the initial excitation
of porphyrin electrons, followed by a transition of electrons
from the SWNTs to the porphyrin, creating a charge-
separated species. The much longer process indicated by the
tilt most likely arises from a spatial rearrangement of the
resulting charged porphyrin along the surface of the SWNTSs, 271
thus altering the geometry of the scattering sites and slightly
increasing the device mobility.

30F

Resistance (MOhms)

From the measured value of the shift (Figure 2c), the Time (s)
number of electrons transferred per porphyrin molecule can 0.10 800
be extracted. Before the porphyrin/electron conversion ef-
ficiency was calculated, the following assumptions were — ~ |
made: (@) there is full coverage of two-thirds of the SWNT ) 1%° =
network by porphyrin molecules and (b) only those porphy- E E
rins that are in contact with a SWNT will contribute to the g ooer Jao €
charge-transfer process. The form@lac V = Q allows the ° ™
calculation of the number of electrons transferred from the E 004t -
SWNT network. The capacitan€zof the FET is estimated {200
from the total capacitance of each individual nanotube. The 002

analytical formula for the capacitance per unit lengDiL{
of a metal cylinder above an infinite conducting plane, lying T ™
in a dielectric medium isC/L = 2mee,/In(2h/r).?° For a Intensity (Wim’)
nanotube of radiug) ~1.5 nm, a dielectric thicknesk)(of
5000 A and dielectric constant)(of 4.1, we approximate Ftigure 3. t(a) FitESiStance \_/ﬁ time ?_f p%f PPYEF-?Oa@d SWtNT '_i_ET

H A H at zero gate voltage, upon lumination | Or various Intensities.
that C/L ~ 359 f/eni® for an individual tube. Using the The SV%NT chan%el ig 1 mm wide angi/ 1%@1 long. Contact to
average density of 1.6 tubas’, average tube length of 3 jayice made with Pd/Cr contacts and a probe station. Resistance
um, and device area of & 1(° um? leads to a device  measured using a Keithley 2400 multimeter in a two-point probe
capacitance of84 pF. Substitution of the device capacitance setup (500 mV bias). Light supplied by LED (420 nm peak/15 nm
and the threshold voltage shift of 1.7 V (lowest value of fwhm). (b) Parameters extraotedﬂfrom fits to first few seconds of
shift in Figure 2¢) intaC x V = Q and solving for the charge curves in (a) using = Rina -+ Roe™*s wheret is the time constant

and AR is the initial resistance minuRng.
Q leads to a transfer of 8.9 1 electrons from the SWNTSs. UBina

The number of porphyrin molecules that contribute to this gjrection (decreasing resistance) for all intensities used, but
PET is calculated by dividing the total active area of the he saturation value of the device resistance varied. This
SWNTSs in our device by the area of each porphyrin molecule jngjcates that the FET curve shifts to the right for all
(~1 nn). This calculation leads to approximately 241°  iptensities (electrons transferred from the SWNTS to the
porphyrin molecules in contact with the SWNTSs. Thus, we orphyrin molecules) but that the magnitude of the shift is
estimate a transfer of 8.9 10%2.4 x 10° ~ 0.37 electrons/ 3 function of the light intensity. The response recorded for
porphyrin molecule. By comparison, previous studies on ipe first few seconds was fitted to the equation Rina +
NHy/SWNTs have revealétithat 0.04 electrons per NH  Rett and two parameters were extracted: (1) the time
molecule are transferred. constantts;, and (2) the change in resistandeR, which is

The magnitude of the PET was found to be a function of defined by the initial resistanc&R{iia) Minus Rena. Since
the intensity of light used. The intensity dependence of the the change in resistance is dominated by the shift for short
PET was indirectly measured by monitoring the resistance time scales, and thi&/, curve is linear at zero gate voltage,
of a SWNT FET device (at zero gate voltage) coated with the parameteAR is proportional to the magnitude of the
porphyrin in response to light of fixed wavelength but shift of the transfer curve. These two parameters are plotted
variable intensity. Although we do not evaluate the shift and for each intensity in Figure 3b. We observed that (a) koth
tilt separately for this measurement, the data shown in FigureandAR vary as a function of applied light intensity and (b)
2c,d already indicate that the resistance change is dominatedoth t; and AR approach a saturation value. The fact that
by the shift for short time scales and the tilt for long time the AR value is a function of light intensity gives clear
scales. A 420 nm LED was used to illuminate a device coated indication that the porphyrin excited and ground states exist
with porphyrin (a different device than that used in Figure 2 in dynamic equilibrium. The PET in this D/A system is
was used for this experiment), and the resistance wasgoverned by the rate of porphyrin electron excitation to an
monitored over time (60 s) using varying light intensities intermediate state by absorbed photons and by the rate at
(Figure 3a). We found that the device responded in the samewhich these photoexcited electrons decay back to the ground
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state. 'I_'he rates of these two processes exist in dynamic ol e Change inResistance

equilibrium. Note that in the absence of a relaxation process . Porphyrin Absorption Spectrum 40,20

back to the ground state, one would find a saturation at the _ '

same resistance for all intensities, yet one would approach E 1 ﬂ; m"{"ﬁ m":;_ 1

this limiting value with a different time constant. Further g £ ; " 045

analysis of the data including the temperature dependence g g & / 1 5

of the dynamics will be reported later. g E * & VAR
The wavelength dependence of the porphyrin/SWNT PET % ;': res / o1 S

was also investigated by monitoring the change in resistance & & f ’ g

of the device upon illumination by light of different = o . . L §

wavelengths, but fixed intensity. For this experiment, we used 2 N N nme'}‘:; e 0.0

a device consisting of a layer of SWNTs coated with g 3 "'\.\ '

porphyrin, with a macroscopic channel size (1?granabling © \ gt [N

us to attach wires to the device with silver epoxy and place ' A ""\'

it in a spectrofluorimeter. Using the tunable, narrewB(nm) o o - ?60 0.00

light source of the spectrofluorimeter, we applied light of
fixed intensity (5 W/m), but variable wavelength to the
device, and monitored the change in resistance at eachFigure 4. Change in resistance of device coated with porphyrin
wavelength. Light was applied in wavelength intervals of in response to light of varying wavelengths but constant intensity.
20 nm from 710 to 370 nm. Each specific wavelength of The device was irre_ldia_teq with a source of wavelength between
light was left on fo 5 s and off for 55 s to allow the device 710 and .370 nm varied in |nterval_s of 20 nm. All Wavelength§ used
X -~ were adjusted to be 5 WAnResistance was measured using a

to recover. We found that the resistance of the device Keithley 2400 in a two-point probe setup (100 mV bias). Light
decreased when it was exposed to light and increased wherwas left on for 5 s, and off for 55 s. The time dependence of the
the light source was removed (inset in Figure 4). This is resistance is shown in the inset for three different wavelengths as
consistent with the data from Figure 2b, indicating the the lightwas cycled on and off. The larger graph shows the change
removal of electrons (addition of holes) to the already p-type :In resistance of the device at each wavelength in response to the

; ) ght being on for 5 s. Also included is the absorption spectra of
SWNTs in response to light, and the subsequent recoverythe porphyrin molecule. The plot shows a correlation between the
of those electrons in the dark. It has been repdéttdtat a porphyrin absorption spectrum and the change in device resistance.
bare SWNT device exhibits a higher resistance upon irradia-
tion with UV—vis light. This response is believed to arise and SWNT functionalization methods. The rate and magni-
from the photoinduced desorption of oxygen molecules from tude of the PET process were found to depend both on the
the SWNT surface, thus depleting the holes and lowering Wavelength and on the intensity of the light used, reaching
the device conductance. However, in our device, the PET & maximum value of 0.37 electrons/porphyrin molecule. The
between the porphyrin/SWNTs dominates the photoinduced combination of a light-absorbing molecule having tunable
oxygen desorption, at least in the wavelength ranges testedabsorption bands with a complementary material having high
Figure 4 shows a plot of the change in resistance of the mobility can potentially act as a photosensitive wire able to
device for the time that the light was switched on, at each move photoexcited charges away from the recombination
particular wavelength, overlaid with the absorption spectrum centers. Such a device that exhibits these properties has
of the porphyrin molecule in solution. The clear correlation Promising applications in tunable light detection as in
between the magnitude of the change in resistance and theartificial eyes and, in the near future, as a photovoltaic device.
porphyrin absorption spectrum provides direct evidence that
the light-induced change of the porphyrin’s electronic
structure is coupled to the charge transport through the
nanotube network. The process of electron transfer back to )
the SWNTs in the dark (Figure 4 inset) has a longer time Grant ECS-0404029 and the NSF IGERT: Materials Cre-

constant than the initial electron transfer of electrons from ation Training Program (DGE-011443).

the SWNTs in the light, in broad agreement with rep8rts  Note Added after ASAP Publication. This article was

on the photoresponse of a ruthenium complex/SWNT published ASAP on August 15, 2006. Figure 2b curve colors

composite. mentioned in the main text were changed. The revised article
We have demonstrated that a porphyrin derivative can bewas reposted on August 17, 2006.

combined with SWNTSs to mimic part of the natural process

of photosynthesis or, more specifically, the use of a light

harvesting material to initiate an electron transfer. However, (1) D'Souza, F.; Deviprasad, G. R.; El-Khouly, M. E.; Fujitsuka, M.;
. . . . Ito, O.J. Am. Chem. So@001, 123 5277.

unlike photosynthesis, in our system the absorption of light 5y Giigi b. M. Luo, C. P.; Prato, M.; Dietel, E; Hirsch, Ahem.

initiates the transfer of holes rather than electrons from the Commun200Q 373. _

porphyrin. We suspect that the direction and magnitude of (%) Bonifazi, D.; Scholl, M.; Song, F. ¥.; Echegoyen, L.; Accarsi, G.;

he PET in these systems may be controllable, and as such Armaroli, N.; Diederich, F Angew. Chem., Int. G003 42, 4966,

the g Yy S y ~ S ' (4) Imahori, H.; Fujimoto, A.; Kang, S.; Hotta, H.; Yoshida, K,

we are currently investigating different porphyrin derivatives Umeyama, T.; Matano, Y.; Isoda, 8dv. Mater. 2005 17, 1727,

Wavelength (nm)
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