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ABSTRACT Semiconductor nanocrystals (SCNCs) made of CdSe, CdTe, and InP are used to photosensitize needlelike C60 crystals. The photocurrent is increased by up to 3 orders of magnitude as compared with C60 crystals without SCNCs. The photocurrent spectrum can be tuned precisely by the SCNC size and material, rendering the SCNC-functionalized C60 crystals an excellent material for spectrally tuneable photodetectors. We explain the increased photocurrent as a result of photoexcited electrons transferring from the SCNCs to the C60 crystals and causing photoconductivity, while the complementary holes remain trapped in the SCNCs.



Photoconductors are essential components of optoelectronic devices such as photodetectors or photocopying machines.1 Photoconductive amorphous materials comprising π-conjugated polymers,2 C60 molecules,3-5 as well as semiconductor nanocrystals (SCNCs)6-8 have gained much interest due to several advantages over single crystalline semiconductor materials: In the case of amorphous materials, cost-intensive growth processes are obsolete and optoelectronic devices on curved or flexible substrates are feasible. However, charge carrier transport is much more complex as compared with single crystalline materials due to the amorphous nature of the material.9 It has been shown that the sensitivity of photoconductors drastically increases when the conducting material is covered or mixed with a small amount of a photosensitizing material.10 Upon photoexcitation of the photosensitizer, the hole or the electron is transferred to the photoconductor while the counterpart stays on the photosensitizer. The transferred charge carriers increase the carrier density and thus the current through the conductor. Several combinations of photoconducting and sensitizing materials have been investigated. For example, π-conjugated polymers have been sensitized by C60 molecules10-12 or by SCNCs.13,14 Photoexcitation and subsequent charge carrier transfer is also the * To whom correspondence should be addressed. E-mail: thomas.klar@ physik.uni-muenchen.de. † Ludwig-Maximilians-Universita ¨ t Mu¨nchen. ‡ Belarusian State University. § University of Hamburg. 10.1021/nl060136g CCC: $33.50 Published on Web 06/10/2006
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primary step in solar cells comprising C60 and π-conjugated polymers,15 SCNCs and π-conjugated polymers,16 or dye molecules and metal-oxide nanocrystals.17 The conductivity and photoconductivity of plain C60 solids, that is, microcrystalline C60 films without photosensitizers, have been studied previously.4,5,18,19 It has been found that C60 thin films form ohmic contacts with gold electrodes5 and the charge transport is of space-charge-limited nature involving trap states below the mobility edge.18-20 In this letter, we report for the first time that various types of semiconductor NCs such as CdSe, CdTe, and InP NCs can act as photosensitizers for needlelike crystals of C60. The photocurrent is increased by up to 3 orders of magnitude. The photocurrent spectra of the C60/NC films closely follow the absorption spectra of the semiconductor NCs and can be tuned by using NCs of different sizes or different materials. We explain our experimental results in the way that photoexcited electrons in the semiconductor NCs are transferred to the C60 crystals increasing the charge carrier density and therefore the photocurrent. The holes remain trapped in the NCs. The samples were prepared in the following way. C60 molecules were purchased from Sigma-Aldrich (Product # 483036). Hexadecylamine-trioctylphosphine oxide (TOPO)/ trioctylphospine (TOP) capped CdSe NCs and TOPO-TOP capped InP NCs were synthesized using previously reported methods.21,22 CdTe NCs stabilized by thioglycolic acid were synthesized in water23 and transferred to toluene by partial



Figure 1. Sample characterization: (a) Dark field microscopic images of needlelike C60 crystals after the toluene evaporated from the C60/CdSe drop-casted solution. At high C60 concentrations, the needles are long enough to span the gaps between the fingerlike gold contacts. (b) Needles formed from a solution with a 10-fold reduced C60 concentration can barely reach the percolation threshold. (c) Photoluminescence (PL) spectra of a pure CdSe film (black dotted line), a CdSe/C60 composite film (solid gray line), and a pure C60 film (solid black line), all excited at 320 nm. The CdSe/ C60 and pure C60 spectra are shown in the magnified spectral region between 650 and 820 nm in (d). The inset shows a sketch of the electrode structure.



exchange of the thioglycolic stabilizers by dodecanthiol.24 CdSe NCs of three different diameters were used. The diameters and concentrations in toluene were determined from solution absorption measurements25 and are 3.7, 4.1, and 5.5 nm and 12, 23, and 1.3 µM, respectively. C60 molecules in toluene were added to the CdSe NC solutions to a final concentration of 1.1 mM. An amount of 10 µL of the mixed solutions was drop casted onto interdigitating fingerlike gold contacts on standard glass slides with 5 or 10 µm spacing between the fingers (the inset in Figure 1c shows a sketch of the structure). After evaporation of the toluene, the C60 crystals and the SCNCs cover an area of approximately 100 mm2, while the area of the overlapping contacts is approximately 14 mm2. In the case of the samples containing CdTe or InP NCs, the nanoparticle concentrations are 34 and 30 µM, respectively, and the concentration of the C60 molecules is 1.1 and 1.0 mM, respectively. Current voltage measurements between -10 V and +10 V were performed at room temperature using an Agilent 4156 parameter analyzer. Spectrally resolved illumination was provided by a 150 W halogen lamp and a monochromator. The morphology of the final C60/CdSe NC composite films is dominated by needlelike structures formed during evaporation of the toluene. These needles can be observed in a dark field microscope (Figure 1a), and we deduce that they are made of C60 molecules because similar needles were formed when a toluene solution was used which contained only C60 molecules and no CdSe NCs. When the C60 concentration was reduced in the toluene solution to 10% of the usual amount, predominantly short needles were formed that are not able to bridge the contacts (Figure 1b). Figure 1c shows the photoluminescence (PL) of a sample containing only CdSe NCs (black dotted line) and the 1560



reduced PL of a sample containing crystalline C60 needles and CdSe NCs (solid gray line). The PL of a pure C60 sample (solid black line) is very weak and can hardly be observed with the actual scaling of Figure 1c. All samples are kept in air, excited with the same power of 320 nm light, and contain the same amount of CdSe NCs. The PL of the mixed sample is reduced by almost 60% compared with the sample containing only CdSe NCs. A magnification of the PL between 650 and 820 nm is shown in Figure 1d. The PL of C60 is not increased in the composite sample (gray line) compared with the sample containing only C60 (black line). From this we conclude that there is no energy transfer from the SCNC to C60 molecules. Thin films of C60 have been shown to be photoconductive, while SCNCs are known to possess large absorption cross sections. Therefore, the question arises if the SCNCs can photosensitize the C60 crystals. We performed current vs voltage measurements of the composite samples in the dark and under illumination with monochromatic light from a halogen lamp (550 nm, 800 µW/cm2). Figure 2a shows that the current under illumination (solid line) is 2.5 orders of magnitude larger than the current without illumination. Using different illumination powers, we find that the photocurrent depends roughly on the square root of the incident power. Control experiments, using samples that contain only C60 crystals but no SCNCs (Figure 2b), or only SCNCs (Figure 2c), show only a very weak increase of the current upon illumination. Figure 2d shows the photocurrent of samples that were prepared with differing numbers of C60 molecules. While the total number of CdSe NCs on the samples was fixed at approximately 5.5 × 1013, the number of C60 molecules was increased from 3 × 1012 to 5 × 1015. The applied voltage was 7 V. In the case of low quantities of C60, the current is basically equal to the current of a sample containing only CdSe NCs. The current rises by 4 orders of magnitude from 1.5 × 1014 C60 molecules onward and then finally saturates. This sharp increase of current at ∼1.5 × 1014 C60 molecules can be explained by a percolation threshold, where the lengths of the C60 crystals are just long enough to bridge the distance between the electrodes (see also parts a and b of Figure 1). So far, we can conclude that the current in the mixed samples containing C60 crystals and CdSe NCs is carried by the C60 crystals while the CdSe NCs act as photosensitizers. The photoexcitation of the CdSe NCs is followed by the transfer of at least one type of charge carrier to the conductor. This leads to an increase of the conductivity σ ) q(neµe + nhµh), where q, n, and µ are the elementary charge, the charge carrier density, and the mobility, respectively. The subscripts e and h stand for electrons and holes, respectively. We performed persistent photocurrent measurements to determine whether both types of charge carriers (electrons and holes) are transferred from the CdSe NCs to the C60 crystals or if just one type is transferred while the complementary type remains on the CdSe NCs. After the illumination was switched off at time t ) 0, the photocurrent in a mixed sample drops off fairly slowly on a time scale of apNano Lett., Vol. 6, No. 7, 2006



Figure 2. Photocurrent measurements: (a-c) Semilogarithmic current/voltage (I/V) characteristics of films containing C60 crystals and CdSe NCs. Dashed lines show the current when the samples are kept in the dark, while solid lines show the current under illumination. (a) The film containing C60 crystals and CdSe NCs shows a strong photocurrent. Only a weak photocurrent is observed in films containing only C60 crystals (b) or only CdSe NCs (c). (d) Current under illumination in different samples prepared with a different number of C60 molecules. The C60 needles grow longer with an increasing number of C60 molecules, finally reaching percolation at approximately 1.5 × 1014 C60 molecules. (e) The persistent photocurrent in a mixed sample (solid line) decays slowly on a time scale of tens of seconds after the light has been switched off (applied bias, 7V; samples kept in a vacuum). In a sample containing only C60 crystals, the photocurrent decreases rapidly (dashed line). (f) Scheme of the photosensitized conductivity: Crystalline C60 needles bridge the gold contacts and are covered by CdSe NCs. The zoomed inset shows a photon that creates an electron-hole pair in a CdSe NC. The hole remains in the NC, but the electron is transferred to the C60 needle where it enhances the carrier density.



proximately 50 s (Figure 2e, solid line). If an excess of both types of charge carriers was present in the C60 crystals, the photoconductivity would decrease rapidly because the two types of charge carriers would recombine quickly. This can be seen in the control experiment, where the weak photocurrent in a sample consisting of C60 crystals without CdSe NCs was monitored (Figure 2e, dashed line, normalized to make the signal comparable with the much stronger signal of the mixed sample). In this case, the photocurrent is due to electron-hole pairs excited directly in the C60 crystals, the majority of which recombine quickly after the light is switched off. No such rapid dropoff of the photocurrent is found in the mixed sample after switching off the illuminaNano Lett., Vol. 6, No. 7, 2006



tion, so we conclude that only one type of charge carrier is transferred from the CdSe NCs into the C60 crystals. After the light is switched off, it takes several tens of seconds for the charge carriers in the C60 crystals to recombine with their counterparts in the CdSe NCs. We note that when the light is turned on, the saturation of the photocurrent takes place on a similar time scale, because a saturated photocurrent requires equilibrium of injection of charge carriers from the NCs into the C60 crystals and recombination. We assume that the charge carriers transferred to the C60 crystals are electrons because only electrons can contribute significantly to the conductivity in C60. This is due to the fact that the mobility of the electrons in the C60 crystals is 4 orders of magnitude larger than the mobility of the holes.26 Because crystalline C60 needles are trap-rich conductors, the role of the photoinjected electrons is not simply to increase the density of charge carriers n but also to fill trap states and hence increase the average mobility µ. The photocurrent is therefore of a space-charge-limited nature involving trap states.20 The results obtained so far are summarized in Figure 2f: crystalline needles of C60 molecules bridge the electrodes while CdSe NCs cover the surface of these needles. The lower PL yield of the mixed sample (Figure 1c) and the large photoconductivity (Figure 2a) are caused by electron transfer from the photosensitized CdSe NCs to nearby C60 needles (Figure 2f, zoomed inset), where they populate the conduction band and fill trap states. The assumption that photoexcited electrons are transferred from the CdSe NCs to the C60 crystals is further supported by a comparison of the relative energetic levels of the conduction and valence bands in these two materials. According to the ohmic contact between the gold electrodes and the C60 crystals5 as well as from photoelectron spectroscopy experiments,27,28 we can assume that the conduction band in C60 crystals is approximately 5 eV below the vacuum level, while the conduction band in CdSe NCs is at approximately 4.4 eV.29 Therefore, photoexcited electrons in the CdSe NCs are likely to transfer to C60 microcrystals. On the other hand, the holes are supposed to stay in the CdSe NCs because the valence band in C60 crystals is around 7.3 eV27,28 but it is at 6.5 eV29 in the CdSe NCs. The relative energetic positions of the conduction and valence bands are sketched in the magnified inset of Figure 2f. In the following discussion, we show that the photocurrent depends on the wavelength of the incident light and that its spectral dependence follows the absorption spectrum of the CdSe NCs. Hereby, the photocurrent spectra were taken at a scan rate of 5 nm/15 s, and the photocurrent was normalized to the number of incident photons. The photocurrent spectrum of a sample prepared with CdSe NCs with a diameter of 3.7 nm shows two peaks (Figure 3a) which can be clearly related to the first two absorption maxima of the CdSe NCs in solution (Figure 3d). Additionally, the third and the fourth electronic transitions can also be seen as weak shoulders in the photocurrent spectrum. Current maxima for long wavelengths (630 and 680 nm) can be related to light absorption in the C60 crystals.5 In this case, we assume that the holes are transferred to the SCNC, leaving additional electrons in 1561



Figure 3. Tunability of the photocurrent by the CdSe NC size: (a-c) Photocurrent spectra of C60 crystals photosensitized with CdSe NCs of increasing diameters (3.7, 4.1, and 5.5 nm) are compared with the corresponding extinction spectra of CdSe NCs in toluene solution (d-f). A clear coincidence of optical and conductivity spectra is observed. Photocurrent at 630 and 680 nm is due to photons absorbed by the C60 crystals. All current spectra were taken at a bias of 7 V. The inset shows the extinction spectrum of a mixed film of C60 needles and 3.7 nm CdSe NCs on a bare glass substrate.



the C60 crystals. When larger CdSe NCs with a diameter of 4.1 or 5.5 nm (parts (b and e) and (c and f) of Figure 3, respectively) are used, the peaks of the photocurrent spectra and the absorption spectra shift simultaneously to longer wavelengths. In the case of the 5.5 nm NCs, four electronic transitions are again observed (parts c and f of Figure 3). For the 4.1 nm NCs, the photocurrent spectrum and the absorption spectrum are less structured (parts b and e of Figure 3), probably due to an inhomogeneous size distribution or an insufficient surface passivation. The photocurrent maximum at 680 nm is present for all three samples as is expected due to absorption by the C60 crystals, but it is always much weaker than the photocurrent induced by absorption in the CdSe NCs. Summarizing these results, we have shown that C60/CdSe NC films can be used as efficient photodetectors with adjustable spectral sensitivity. Photosensitization of crystalline C60 needles by SCNCs is not restricted to CdSe NCs but also works with other IIVI NCs such as CdTe NCs and even with III-V InP NCs. Figure 4a displays the photocurrent spectrum of a mixed film of C60 crystals and CdTe NCs, while Figure 4c shows the absorption spectrum of CdTe NCs in solution. Similar to the CdSe NCs, the first absorption maximum at 525 nm is reproduced in the photocurrent spectrum. In both spectra, only one clear maximum is observed, unlike the absorption and photocurrent spectra from the samples where the C60 crystals are covered with CdSe NCs (Figure 3). However, it is well-known that CdTe NCs in general have less structured absorption spectra compared with CdSe NCs.23 Similar to the C60/CdSe samples, absorption in the C60 crystals at long wavelengths around 630 and 680 nm leads to photocurrent (Figure 4a). This confirms that the origin of these features in the current spectrum indeed stems from the light absorption by the C60 needles. C60 crystals can also be photo1562



Figure 4. Photosensitization of C60 crystals by CdTe and InP NCs: (a and b) Photocurrent spectra of C60 crystals covered with CdTe and InP NCs, respectively. The corresponding absorption spectra of CdTe and InP NCs in toluene solution are shown in (c) and (d), respectively. All current spectra were taken at a bias of 7 V.



sensitized when the C60 crystals are covered with NCs made out of the III-V semiconductor material InP (Figure 4b). Interestingly, the current spectrum shows more detail compared with the absorption spectrum of InP NCs in toluene (Figure 4d). To compare the photosensitizing efficiency of the three NC materials, we deduced the external quantum efficiency defined as the number of counted electrons per incident photon after subtraction of the dark current. In each case, the wavelength of illumination was chosen to coincide with the respective first absorption maximum. C60 crystals photosensitized with CdSe or InP NCs show remarkable external quantum efficiencies up to 10%, but the quantum efficiency is only 0.1% when CdTe NCs are used for sensitization. A possible reason for the low quantum yield in the case of CdTe NCs could be inappropriate relative positions of the conduction and valence bands relative to the levels in the C60 crystal. However, the energetic positions of the conduction and valence bands of CdTe NCs are similar to those in CdSe NCs,30,31 and therefore, the difference in quantum efficiency must have other reasons. The most likely reason is that the distance between the NCs and the C60 needles is larger in the case of the CdTe compared with CdSe or InP NCs, because CdTe NCs are synthesized in aqueous solution and subsequently transferred to organic solvents using bulky dodecanol molecules that form a thicker shell as compared with the TOPO/TOP ligands used for CdSe and InP NCs. Hence, the electron transfer from CdTe NCs to C60 crystals is hampered. We conclude that SCNCs such as CdSe, CdTe, and InP NCs photosensitize needlelike C60 crystals. The photoinduced conductivity in needlelike C60 crystals in contact with SCNCs can be described in the following way (see Figure 2f): Photons in resonance with the SCNC absorption create electron-hole pairs in the SCNCs that dissociate quickly. The electrons are transferred to the C60 needles, thus increasing the carrier density in the needles. A weak photocurrent is also observed for photons with energies Nano Lett., Vol. 6, No. 7, 2006



below the absorption edge of the SCNCs due to absorption in the C60 crystals. In this case, the photogenerated holes may be trapped in the SCNCs, leaving additional electrons in the C60 crystal. Our findings are relevant for possible applications of SCNC/C60 mixed films as spectrally tuneable photoconductors, materials for photocopiers, or as components in solar cells. The photoconductor may be simply printed on substrates because it is completely processed from solution. It may lead to a cost-effective production of color sensitive pixels in photodetector arrays. Already, our simple, drop-casted samples show external quantum efficiencies of up to 10%. We note that the needlelike films extinct about 20% of the light. Under the conservative assumption, that all of that extinct light is absorbed, we can assume an internal quantum efficiency of at least 50%. We note, however, that photoconductors can have internal gain and therefore quantum efficiencies of more than 100% may be reached. Additional research will be carried out to find an upper bound of the quantum efficiency. On the way to practicable devices, the response time of the C60 needles must certainly be sped up. This issue could possibly be resolved by making the C60 needles thinner to reduce the recombination time of the charge carriers. Acknowledgment. We acknowledge expert technical support from W. Stadler and A. Helfrich. This work has been supported by the Deutsche Forschungsgemeinschaft (DFG) through the Gottfried-Wilhelm-Leibniz Program and by the NATO Collaborative Linkage Grant PST.CLG 979631. References (1) Mort, J. The Anatomy of Xerography; McFarland: London, 1989. (2) Chiang, C. K.; Fincher, C. R., Jr.; Park, Y. W.; Heeger, A. J.; Shirakawa, H.; Louis, E. J.; Gau, S. C.; MacDiarmid, A. G. Phys. ReV. Lett. 1977, 39, 1098. (3) Kroto, H. W.; Heath, J. R.; O’Brian, S. C.; Curl, R. F.; Smalley, R. E. Nature 1985, 318, 162. (4) Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.; Dulcos, S. J.; Lyons, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R. M.; Kortan, A. R.; Glarum, S. H.; Makhija, A. V.; Muller, A. J.; Eick, R. H.; Zahurak, S. M.; Tycko, R.; Dabbagh, G.; Thiel, F. A. Nature 1991, 350, 320. (5) Mort, J.; Okumura, K.; Machonkin, M.; Ziolo, R.; Huffmann, D. R.; Ferguson, M. I. Chem. Phys. Lett. 1991, 186, 281.
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