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For practical applications, increasing the photosensitivity,

response speed, and selectivity of UV photodetectors is a pre-

requisite.[1] Many research studies on Si-based photodiodes,

the most common devices for UV detection, have been

conducted to improve their photosensitivity.[1–3] The calcu-

lated photoresponsivities of these devices were typically less

than 10 A W�1.[4,5] Although these studies showed an improved

performance, the devices exhibited some inherent limitations:

the requirement for filters to block out visible and infrared

photons, and the degradation of devices when exposed to UV

light with energies much higher than the semiconductor

bandgap.

With the obvious advantages of a room-temperature wide

bandgap (Eg¼ 3.37 eV), low cost, and ease of manufacturing,

zinc oxide (ZnO) is emerging as one of the most important

materials for many applications in nanooptoelectronics,[6]

nanogenerators,[7–9] field-effect transistors (FETs),[10,11] sen-

sors,[12] and so forth.[13,14] In particular, ZnO nanomaterials

have recently been extensively investigated by several groups

for UV photodetection applications.[15–28] For example, Soci

et al.[15] reported ZnO nanowire photodetectors with a large

photocurrent increase by several orders of magnitude upon UV

illumination at a low light intensity. Lao et al.[16] successfully

demonstrated the huge enhancement of the UV response of

ZnO nanobelt sensors by close to five orders of magnitude after

surface functionalization with a polymer that shows a high UV

absorption ability. Zhang et al.[17] fabricated ZnO tetrapod-

based sensors to distinguish false response and increase
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sensitivity. These devices, however, were created using time-

consuming nanowire growth and complex device fabrication.

To improve the ability of large-area production, Jin et al.[20]

nicely developed solution-processed UV photodetectors

formed from thin films of colloidal ZnO nanoparticles but

with a large cost to the responsivity (approximately 61 A W�1).

By using high-quality ZnO epitaxial films grown on sapphire

substrates, Liu et al.[28] fabricated Schottky UV photodetectors

with a responsivity as high as 400 A W�1. However, due to a lack

of understanding of the structure–activity relationship and the

presence of a large density of surface defects and grain

boundaries, the UV responsivity of ZnO nanomaterials is

limited.

Among the factors contributing to the high performance of

the devices, we particularly pay attention to two main factors:

the surface-to-volume ratio and the dimensionality of the

materials. The large surface-to-volume ratio can greatly

increase the number of surface trap states, thus prolonging

the photocarrier lifetime. The reduced dimensionality can

confine the active area of the charge carrier and therefore

shorten the transit time. We expect that the combination of the

large surface-to-volume ratio and the low dimensionality of the

materials can lead to a high photoresponsivity of the devices.

Herein, we demonstrate that a responsivity as high as five orders

of magnitude can be achieved through surface functionalization

of single-walled carbon nanotubes (SWNTs) as test-beds by

using high-crystal-quality ZnO nanoparticles as antennas for

UV detection (Figure 1). The ultrahigh responsivity in the

devices is attributed to the synergistic effect of the high density

of the surface trap states on the nanoparticle surface and the

nature of the zero dimensionality of the nanoparticles. Another

significant feature employed in this study is the use of the

inherent ultrasensitivity of SWNT transistors arising from their
Figure 1. Schematic of SWNT transistors coated by ZnO nanoparticles.

The ZnOnanoparticlesare functionalizedbydodecanoic acid, thealkane

chainsofwhichact asanchors tohold thenanoparticles close to the tube

surface.
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Figure 2. A) TEM and B) HRTEM images of ZnO nanoparticles. These highly crystalline monodisperse ZnO nanoparticles �6nm in diameter are

derivatizedwithdodecanoicacid.C)SEMandAFMimagesofarepresentativesingletubeonasiliconwaferassembledbyZnOnanoparticles.Thetubeis

�2.3 nmindiameter.TheaveragediameteroftheZnOnanoparticlesis�6nm.Inset:heightprofileacrossananoparticleandatube,whichindicatesthe

height of the tube (red) and the nanoparticle (blue).
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active surface being exposed to the environment, which has

been utilized by us and other groups for the purpose of

developing photosensitive SWNT-based FET devices.[29–40]

Because ZnO nanoparticles show a different photosensitivity

to light of different wavelengths, the resultant devices exhibit

tunability of the conductance in devices by different UV light.

These exciting findings could greatly speed up the application of

ZnO nanomaterials for UV detection.

In our experiments, highly crystalline monodisperse

ZnO nanoparticles about 6 nm in diameter were synthesized

by the method detailed in the Experimental Section. The

resulting ZnO nanoparticles were then derivatized with

dodecanoic acid, because it has been demonstrated by us and

others[30,31,34,36,37,41] that the long alkane chains of dodecanoic

acids can noncovalently associate with the surface of carbon

nanotubes and therefore act as anchors to hold the photoactive

ZnO nanoparticles close to the tube surface. Figure 2A and B

show transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) images, respectively, of these

highly crystalline monodisperse ZnO nanoparticles after

functionalization with dodecanoic acid.

We next turn our attention to the preparation of SWNT

transistors using our previous procedure.[29–31,42,43] In brief,

individual SWNTs of high electrical quality were grown by a

standard chemical vapor deposition (CVD) procedure from

CoMo-doped mesoporous SiO2 catalyst nanoparticles by using

ethanol as the carbon source. The catalyst particles were

patterned on doped silicon wafers that had 300 nm of thermally

grown SiO2 on their surface. Au (50 nm) on Cr (3 nm) leads,

which are separated by 20mm, form the source and drain

contacts to an individual SWNT through thermal evaporation.

Figure 2C shows a representative scanning electron microscopy

(SEM) image of an individual straight SWNT spanning source

and drain electrodes on a silicon oxide surface. The highly

doped silicon wafer serves as a global back-gate electrode for

the devices. After initial electrical characterization and

selection of individual semiconducting carbon-nanotube

devices, ZnO nanoparticles were directly assembled on the

surface of the pristine nanotubes by immersion of the devices

into a dichloromethane solution (�1.9 g L�1) for 10 min. Then

the devices were removed from the solution and rinsed with
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fresh dichloromethane and acetone. Figure 2C also shows the

high-resolution atomic force microscopy (AFM) image of the

same tube, which indicates the successful assembly of ZnO

nanoparticles on the tube surface.

In addition to the AFM technique, the successful attach-

ment of ZnO nanoparticles on the tube surface can also

be proved by the changes in the electrical characteristics of

the devices. The electrical characteristics of the transistors were

measured by applying a fixed source–drain bias voltage

(Vsd¼�5 mV) and sweeping the gate voltage (Vg) between

þ9 and �9 V in 0.15-V steps with an Agilent 4155C apparatus.

We observed significant changes in the transfer characteristics

of these transistors before and after self-assembly in the dark.

Figure 3A illustrates the transfer characteristics for a

semiconducting tube at each step of the process. To eliminate

potential artifacts from gate hysteresis, we acquired all of the

current–voltage (I–V) curves on the same measurement cycle

while scanning from positive to negative bias. We observed very

stable I–V curves for a specific SWNT device under fixed

experimental conditions, and thus they can be used to detect the

photoswitching effect. Before self-assembly, this device

indicates typical p-type semiconducting FET behavior with a

threshold voltage (Vth) at �8.0 V. Upon the assembly of the

materials, we observed that Vth of this device shifted toward a

negative value at �6.8 V, a clear change larger than 1 V, with a

slight increase in the on-state resistance (Ron). We also found

that this shift in Vth is universal for SWNTs after assembly.

These results are consistent with those of our control

experiments. We measured the device characteristics when

the devices were immersed in a dichloromethane solution of

dodecanoic acid (�1.0� 10�2 mol L�1), removed, and rinsed

with fresh dichloromethane and acetone as described above for

ZnO nanoparticles. We observed similar shifts in Vth to those

shown in Figure 3A. The I–V curves can be found in the

Supporting Information (Figure S1A). Given the Vth shifts, we

infer that there should be a net negative charge transfer

happening from dodecanoic acid to the nanotubes.[30,31,40]

These results imply that dodecanoic acids have anchored to the

surfaces of SWNTs. As a result, ZnO nanoparticles are

adsorbed on the tube surfaces through dodecanoic acid

anchors, as identified by the AFM image in Figure 2C.
bH & Co. KGaA, Weinheim small 2009, 5, No. 21, 2371–2376



Figure 3. A) Changes in drain current of a p-type semiconducting device

as a function of Vg before assembly (black), after assembly (red), under

254-nmUV irradiation for�40 s (green), under 365-nmUV irradiation for

�40 s(cyan),andafterUVlight isoff (blue).Thesource–drainbiasvoltage

is held at�5mV. B) Time course of the drain current of the same device

while 254-nm UV light is toggled on and off. The source–drain bias is

�5mV; thegatebias is�2V.C) Thegradual conversion from low- tohigh-

conductance states when 254-nm UV light is removed. The current–

voltage curves are taken every 80 s.
Once photoactive ZnO nanoparticles are coated on the tube

surface, as expected, the device characteristics become very

sensitive to UV light. We observed the very reversible and

significant changes in Ron when the devices were measured

under UV irradiation and in the dark. Figure 3A shows such a

representative photoswitching effect in a device when a

handheld UV lamp (254 nm, low intensity of �26mW cm�2)

was switched on and off. Under UV irradiation at 254 nm, the

initial high-conductance state (red curve in Figure 3A) turned

into a low-conductance state (green curve) in a very short time.

Moreover, the device recovered nearly to its original high-

conductance state after the UV lamp was switched off (blue

curve). We notice that Vth did not change obviously after a
small 2009, 5, No. 21, 2371–2376 � 2009 Wiley-VCH Verlag Gmb
whole photoswitching cycle, which implies that UV irradiation

of ZnO nanoparticles could generate charge traps that affect

the carrier scattering rate while the carrier concentration and

Schottky barrier at the nanotube–electrode junction essentially

remain unchanged during the process. Further experiments

demonstrated that the photoswitching effect is a very reversible

and fast process. Figure 3B shows the drain current as a function

of time of the same device for a representative ten cycles while a

�5 mV source–drain bias and �2 V gate bias were applied.

After only a very brief UV irradiation (less than 40 s), the device

decreased its drain current down to its low-conductance state.

Figure 3C shows the gradual back-conversion from low- to high-

conductance states when 254-nm UV light was removed.

Remarkably, the switching process is reversible for at least 100

times without any degradation when UV light is toggled on and

off. These photoswitching phenomena are quite reproducible,

as we observed similar behavior on all of the functionalized

semiconducting devices (over 15 devices).

To rule out potential artifacts, we performed control

experiments. We examined the photoswitching effect of

devices tethered only by dodecanoic acid anchors, that is,

devices treated with dodecanoic acid but not with ZnO

nanoparticles. The I–V curves can be found in the Supporting

Information (Figure S1B). There is only a slight increase in

drain current under UV irradiation at 254 nm. It was reported

that large opposite phenomena (current decrease) were

observed in conventionally fabricated CVD-grown carbon-

nanotube devices without any photoactive species under UV

irradiation, mainly due to the Schottky barrier modulation

caused by oxygen desorption.[44,45] In the present case, we used

a much lower intensity of UV light (�26mW cm�2). More

importantly, dodecanoic acids (�1.0� 10�2 mol L�1) in the

high quantity used here on the nanotube surface cover the

metal–nanotube junctions, thus precluding the possibility of

oxygen desorption under UV illumination. As a result, we think

that our dodecanoic acid-treated SWNT transistors show such a

minimal current increase because of the intrinsic photo-

response of the tubes themselves under light irradiation.[46]

In addition, a Schottky barrier formed at the junctions

between the metal electrodes and the carbon nanotube

could complicate the analysis during UV irradiation when

the junctions are exposed to the photoactive nanoparticles.

To preclude this possibility, we fabricated SWNT transistors

with these junctions covered by an insulating layer (poly-

(methyl methacrylate), PMMA) that was patterned using

electron-beam lithography. Then these junction-protected

devices were treated by a hexane solution of ZnO nanopar-

ticles. We observed essentially the same photoswitching

effect as that shown in Figure 3. An optical micrograph of

the device and the electrical characteristics can be found in the

Supporting Information (Figure S2). These results clearly

prove that the photoactivity of ZnO nanoparticles tethered on

the surface of SWNTs is responsible for the changes in device

characteristics,[30,31,34–40] rather than a local change at the

metal–nanotube junctions and then Schottky barrier-height

modulation.

Early studies[15–28] indicated that there are two mechanisms

of ZnO photoresponse: photogeneration–recombination of

electron–hole pairs and adsorption–photodesorption of oxygen
H & Co. KGaA, Weinheim www.small-journal.com 2373
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on the surface of the materials. In general, oxygen molecules

are adsorbed onto ZnO surfaces by capturing free electrons

from the n-type ZnO [O2(g)þe�!O2
�(ad)]. Upon exposure

to UV light with energies larger than the bandgap of the

materials, the adsorbed oxygen will be photodesorbed by

capturing the photogenerated holes from inside the materials

[hþþO2
�(ad)!O2(g)]. The former process decreases the

conductance of the materials by trapping the free carrier, while

the latter process enhances the conductance by increasing

the carrier concentration. As reported in the literature,[15–28]

this mechanism can explain the observation of the persistent

photocurrent of the materials. In the current case, because the

power of 254-nm light we used from a handheld UV lamp is very

low (�26mW cm�2), the photoresponse should be dominated

by the oxygen adsorption–photodesorption mechanism

(Figure 4). Upon illumination by 254-nm UV light, electron–

hole pairs are generated. The holes migrate to the surface of

ZnO nanoparticles and then discharge the negatively charged

oxygen ions at the surface to photodesorb oxygen from the

surface. This process results in an increase of the free-electron

concentration of n-type ZnO semiconductors. Because the

SWNTs we used in this study are p-type semiconducting, these

free electrons produce scattering sites for the hole carriers

flowing through the tubes. These active sites can scatter

the hole carriers and therefore lower the conductance in the

p-type semiconducting devices, which is opposite to the results

reported previously[15–28] in which ZnO nanomaterials were

directly used as the conducting materials. When UV light is

removed, oxygen readsorbs on the nanoparticle surface, thus

returning the device to its original high-conductance state

(Figure 4). The readsorption process of oxygen is relatively

slow, thus leading to the long recovery time of the devices. We

also found that the conductance recovery process was much

slower when the experiments were performed under a N2

atmosphere. Details of the comparison of the photoresponsive

behaviors of a functionalized device under an oxygen-rich/-

deficient atmosphere can be found in the Supporting Informa-

tion (Figure S3). This mechanism can fully explain the

reversible photoswitching effect of ZnO nanoparticle-coated

SWNT transistors as described above. Another possibility is

that the photoinduced adsorption and desorption of oxygen

from the nanoparticle surfaces induce the shift in Vth, thus

leading to the same photoswitching effect. However, it is
Figure 4. Illustration of how ZnO nanoparticles affect the device character

irradiation and in the dark. To clearly demonstrate the mechanism, we rem

acids at the surface of the ZnOnanoparticles, whichare used to hold the nan

the tube surface.
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difficult to distinguish between the two mechanisms since the

effect might be a combination of both.

Remarkably, the calculated responsivity (R) of the device is

superhigh, approximately 3.05� 105 A W�1 at an intensity (Iill)

of 26mW cm�2 for 254-nm UV light, obtained by using the

conventional model for the calculation:[47]

R ¼ Iph
Pill

¼ Il � Idarkj j
Pill

(1)

Pill ¼ Iill � S ¼ Iill � 4p
D

2

� �2

� 50%L

D

� �
¼ IillpDL=2 (2)

where Iph is the drain photocurrent, Il is the drain current

under illumination, Idark is the drain current in the dark, Pill is

the incident illumination power on the channel of the device,

Iill is the light power intensity, S is the overall surface area of

the ZnO nanoparticles, p is the circular constant, D is the

diameter of the average ZnO nanoparticles, and L is the

channel length of the device (assuming that the maximum

coverage ratio of ZnO nanoparticles on the tube surface is

�50% based on the AFM image in Figure 2C, after the

imaging convolution of the AFM tip size is taken into account,

and the average diameter of the nanoparticles is �6 nm.

Vd¼�5 mV and Vg¼�2 V). To date, this responsivity

value is the highest in comparison with conventional

photodetectors (typically less than 10 A W�1)[4,5] and UV

photodetectors formed from ZnO thin films.[17,20,28] In this

study, we used high-quality-crystal ZnO nanoparticles as

antennas. On the one hand, the very large surface-to-volume

ratio of ZnO nanoparticles can increase the number of surface

trap states and facilitate oxygen adsorption and desorption at

the ZnO surface. On the other hand, the zero dimensionality

of ZnO nanoparticles can confine the active area of charge

carriers and therefore avoid the diffusion process.[15,17,20] We

also note that, in addition to the large surface-to-volume ratio

and low dimensionality of ZnO nanoparticles, the use of the

inherent ultrasensitivity of SWNT transistors as test-beds,

which results from their active surface that is exposed to the

environment, plays an important role in device photosensi-

tivity. The conclusion is that utilization of the synergistic

effects of the inherent ultrasensitivity of SWNT transistors and

the active photoresponsivity of ZnO nanoparticles affords a
istics under UV

oved dodecanoic

oparticles close to

bH & Co. KGaA, Weinhe
superhigh responsivity for the hybrid

photodetectors.

To check the ability for intrinsic ‘‘visible-

blind’’ detection of the devices, the hybrid

photodetectors were also employed to

detect light with different wavelengths

generated by a 150 W Xe lamp source.

Figure 5 shows the drain current as a

function of time for the same device as that

in Figure 3 when exposed to light of different

wavelengths while a �5 mV source–drain

bias and a �2 V gate bias were applied. We

found that the devices show different

photosensitivities to light with different

wavelengths. As shown in Figures 3A

and 5, the devices are the most sensitive
im small 2009, 5, No. 21, 2371–2376



Figure 5. Illustration of the wavelength-dependent photoresponse of

the same device as that in Figure 3 upon exposure to light of wavelength

254 (red), 365 (green), and 410nm (purple) or in the dark (black).

Vsd¼�5mV and Vg¼�2V.
to 254-nm light (�26mW cm�2) and less sensitive to 365-nm

light (�100mW cm�2), but not to 410-nm light (�100mW

cm�2). The calculated responsivity of the device to 365-nm UV

light at an intensity of 100mW cm�2 is also very high,

approximately 5.83� 104 A W�1 by the same method as that

used above. The wavelength-dependent photosensitivity

behavior of the devices is explained in detail below. The

energy bandgap of the employed ZnO nanoparticles is

�3.37 eV, which corresponds to light of wavelength �369 nm

(see Figure S4, Supporting Information). This energy is smaller

than that of light with wavelengths 254 (�4.89 eV) and 365 nm

(�3.40 eV) but larger than that of light with wavelength 410 nm

(�3.03 eV). As we all know, it is difficult to generate electron–

hole pairs if the photon energy is smaller than the bandgap

energy. This results in the hybrid devices being sensitive to the

former two wavelengths but not to that of 410 nm. Because ZnO

nanoparticles show different absorption intensities at different

wavelengths (Figure S4, Supporting Information) and different

photon energies are applied, it is reasonable that the devices

exhibit a significant difference in photosensitivity to light at 254

and 365 nm. These results show a promising application of these

hybrid photodetectors in the area of tunable light detection.

Finally, to prove the reliability and reproducibility of the

photoswitching effect of the devices, we performed two control

experiments for 365 nm as used for 254 nm. The I–V curves of

devices treated with dodecanoic acid but not with ZnO

nanoparticles did not show any obvious changes in conductance

upon illumination with 365-nm UV light (Figure S1C,

Supporting Information). We also examined the photoswitch-

ing effect of the devices with the metal–SWNT junctions

covered by an insulating layer of PMMA. We observed

essentially the same photoswitching effect as that shown in

Figure 3 (Figure S2, Supporting Information). These results

strongly prove again that the photoactivity of ZnO nanopar-

ticles tethered on the surface of SWNTs is responsible for the

changes in device characteristics.

In summary, we have reported a method for fabricating

tunable hybrid photodetectors with a responsivity as high as five

orders of magnitude. The hybrid photodetectors are formed
small 2009, 5, No. 21, 2371–2376 � 2009 Wiley-VCH Verlag Gmb
from SWNT transistors as test-beds through surface functio-

nalization of SWNTs by high-crystal-quality ZnO nanoparti-

cles as antennas. The ultrahigh responsivity of the devices is

attributed to the synergistic effects of the inherent ultrasensi-

tivity of SWNT transistors and the active photoresponsivity of

ZnO nanoparticles arising from the large surface-to-volume

ratio and the nature of the zero dimensionality of the materials.

Due to the photoinduced adsorption and desorption of oxygen

from the nanoparticle surface, the resulting devices show

significant photoswitching effects with good reversibility and

reproducibility. Because ZnO nanoparticles show different

photosensitivities to light of different wavelengths, the devices

exhibit fine-tunability of the conductance in devices by

different UV light. The concept used in this study, broadly

applicable to a wide variety of low-dimensional nanomaterials,

should have broad utility for making ultrasensitive devices for

applications such as UV detection, sensing, imaging, optical

communications, and memory storage.
Experimental Section

Synthesis of ZnO nanoparticles: Zinc oxide nanoparticles with

diameters of �6 nm were prepared according to the method

reported in the literature.[11] Zinc acetate (Zn(Ac)2, 0.82 g, 4.46

mmol) and water (250mL) were added to a flask containing

methanol (42mL). The solution was heated to 60 8C with magnetic

stirring. Potassium hydroxide (KOH, 0.49 g, 7.22 mmol, purity

85%) was dissolved in methanol (23mL) as a stock solution that

was added dropwise to the flask within 10–15min. At a constant

temperature of 60 8C, it took 2.25 h to obtain 6-nm-diameter

nanoparticles. The nanoparticles were separated from the solution

(5mL) obtained above by centrifugation, and washed with

anhydrous ethanol three times. Then the precipitates were

redispersed in an ethanol solution (10mL) of dodecanoic acid

(0.2 g L�1). After reaction at room temperature for 2 h with

magnetic stirring, the precipitates were collected by centrifuga-

tion. The dodecanoic acid-coated ZnO nanoparticles were easily

dispersed in dichloromethane (1.9 g L�1) for further application

and characterization. TEM and HRTEM images were obtained on an

FEI Tecnai F30 microscope operating at 300 kV.

Device fabrication and characterization: Ultralong individual

SWNTs of high electrical quality were grown by a standard CVD

procedure from CoMo-doped mesoporous SiO2 catalyst nanopar-

ticles, by using ethanol as the carbon source on doped silicon

wafers with 300 nm of thermally grown SiO2 on their surface.[30]

Au (50 nm) on Cr (3 nm) leads, which were separated by 20mm,

formed the source and drain contacts to an individual SWNT

through standard thermal evaporation. The highly doped silicon

wafer served as a global back-gate electrode for the devices. After

initial electrical characterization and selection of individual

semiconducting carbon nanotube devices, ZnO nanoparticles

were directly assembled on the surface of the pristine nanotubes

by immersion of the devices in a dichloromethane solution

(�1.9 g L�1) for 10min. Then the devices were removed from the

solution and completely rinsed with fresh dichloromethane and

acetone. Junction-protected SWNT transistors insulated by PMMA

were fabricated by electron-beam lithography. Then these devices

were treated with a hexane solution of ZnO nanoparticles using
H & Co. KGaA, Weinheim www.small-journal.com 2375
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the method mentioned above. The devices were characterized

with a standard probe station and semiconducting parameter

analyzer (Agilent 4155C). Light irradiation was performed with

254-nm (�26mW cm�2) and 365-nm light (�100mW cm�2)

generated by an 8W handheld UV lamp, and with 410-nm light

(�100mW cm�2) generated by a 150W Xe lamp source. The

power intensity of the light was measured by using an LPE-1A

optical power meter (Physcience Opto-Electronics Co., Ltd.,

Beijing) under the same experimental conditions. To avoid the

heating effect during irradiation, the 410-nm light was focused

and guided by a long optical fiber to the probe station.
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