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Chapter 2 
 

Near-infrared photo-

detectors based on 

electron transfer from 

PbS NCs to fullerene 

derivatives 

 

 

Abstract 
 
Efficient and stable photoconducting materials with sensitivity in a broad spectral 

range are indispensible for both photodetector and solar cell applications. 

Organic/inorganic hybrid systems composed by colloidal nanocrystals (NCs) and 

fullerene derivatives are excellent candidates for both applications due to their 

elevate stability in ambient conditions, the possibility of an extremely broad and 

tunable spectral response and cheap processing method. In this chapter we report 

on hybrid thin films where [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and 

PbS NCs were blended in solution to obtain spectral sensitivity covering the visible 

and near-infrared range till 1300 nm. The active layer exploits ultrafast electron 

transfer from the NCs to the fullerene, as is highlighted by time-resolved 

photoluminescence. Photodetectors were fabricated by spin coating the hybrid 

active layer on planar structures with lithographically defined gold electrodes. 

These devices showed responsivity up to 0.32 AW
-1

 and detectivity of 2.5*10
10

 

Jones at 1200 nm.∗ 

                                                           
∗ K. Szendrei, F. Cordella, M. V. Kovalenko, M. Böberl, G. Hesser, M. Yarema, D. M. Jarzab, O. V. 

Mikhnenko, A. Gocalinska, M. Saba, F. Quochi, A. Mura, G. Bongiovanni, P. W. M. Blom, W. 

Heiss, M. A. Loi, Advanced Materials, 2009, 21, 683 
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2.1 Introduction 

 The research on high performing solution-processable semiconductors 

addresses the need for cheap mass production of electronic and optoelectronic 

devices. Organic semiconductors hold great promise of flexible and inexpensive 

production; however, their low performance in terms of charge carrier mobility, 

stability in ambient conditions and the lack of infrared energy capture are pitfalls 

far from being solved. Colloidal inorganic nanocrystals (NCs) are emerging as 

valid substitute materials due to their elevate stability in ambient conditions and the 

possibility of an extremely broad and tunable spectral response
1-4

. In particular, for 

applications requiring absorption and/or emission of light in the near-infrared, 

inorganic NCs, especially PbS and PbSe, show great advantages with respect to 

other solution-processable materials, as their fundamental absorption edge can be 

tuned thanks to quantum confinement in the wavelength range between 850-3500 

nm
3,5,6

. These NCs are synthesized in colloidal form by capping them with a 

molecular ligand shell, determining their solubility and limiting their charge 

transport properties
7,8

. Nevertheless, their near-infrared activity have been 

exploited in devices such as light emitting diodes
9,10

, solar cells
11,12

 and 

photodetectors
13,14

. The latter show detectivities even outperforming epitaxially 

grown devices when the NC ligand shell is manipulated after the film deposition
14

. 

However, ligand manipulation has resulted in a strong power non-linearity of the 

photodetectors
14

 and a fast degradation of the device performance.
15

 

 An alternative approach for the fabrication of photodetectors (PDs) based on 

colloidal NCs relies on blending inorganic NCs in organic semiconducting matrices 

such as polyphenylenevinylene derivatives
16

, polythiophenes
17

 or pentacene
18

. In 

devices such as hybrid (organic/inorganic) solar cells
17,19-21

 and PDs
16,22

 the NCs 

act as electron acceptors and the transport mostly depends on the hole transport 

properties of the polymers, resulting in strongly limited device performance. 

 Improvements in the overall device performance have been recently 

demonstrated by using needle-like fullerene crystals photosensitized by CdSe 

NCs
23

. The devices benefit from the higher carrier mobility in C60 crystals as 

compared to conjugated polymers. However, the performances of these devices are 

lower than the one of the ligand manipulated ones and the needle-like crystals do 

not allow a controllable device fabrication. 

 In this work we replace the unsoluble C60 with its soluble derivative [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM) to obtain hybrid thin film PDs with 

spectral sensitivity covering the visible and near-infrared range till 1300 nm, 

achieving a performance close to that of commercial near-infrared detectors. The 

active layer composed of PbS NCs and PCBM exploits ultrafast charge transfer 
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from the NCs fully covered by bulky oleic acid ligands to the fullerene, as is 

highlighted by time-resolved photoluminescence and by pump and probe 

measurements. Field-effect transistor measurements evidenced that the electrons 

are the mobile carriers in our PDs, while the holes are trapped in the NCs. Such a 

configuration allows obtaining a photoconductive gain as well as a linear power 

dependence of the photocurrent. The measured detectivity compares to that of 

commercial PDs sensitive in the near-infrared, making our hybrid devices 

appealing for applications in biology and in night vision systems as cost effective 

alternative to the actual technology. 

 

2.2 Results and discussion 

2.2.1  Scanning electron microscopy and atomic force 

microscopy image of PbS/PCBM PDs 

 Photodetectors (PDs) were fabricated by spin coating a thin film of PbS/PCBM 

blend (1:1 by weight) onto interdigitated gold electrodes with 5 µm spacing. A 

cross sectional scanning electron micrograph (SEM) is shown in Figure 2.1 (a) 

along with the morphology of the thin film measured by atomic force microscopy 

(AFM) (Figure 2.1 (b)). The film appears as a homogeneous matrix embedding 

round domains with diameters inferior to 1 µm and heights of ~100 nm, which 

could not be ascribed to phase segregation by EDX (electron dispersive X-ray 

spectroscopy) and thus represent morphologically different but compositionally 

indistinguishable features. 
 

2 mm

(b)

channel

Au drain

400 nm Si gate

SiO2

PbS/PCBM blend
Au source

(a)

0 nm

200 nm

 

Figure 2.1 (a) SEM cross section of hybrid device. (b) AFM image of PbS/PCBM active 

layer on the electrodes and in the channel. 
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2.2.2 Electrical characterization of PbS/PCBM PDs 

 The current vs voltage (I-V) measurements of the PbS/PCBM blend and of pure 

PCBM devices performed in dark and under illumination are reported in Figure 2.2 

(a) and (b). The I-V characteristics of both the hybrid blend and the PCBM thin 

film devices are symmetric with respect to zero bias. The photocurrent of the blend 

has a linear dependence on the bias for values lower than 6V while for higher bias 

the dependence becomes quadratic. The hybrid device biased at 15 V under 

illumination of 532 nm with 6.0 mW/cm
2
 shows a current of ~ 5×10

-6
 A, while the 

dark current is 4 orders of magnitude lower. This on/off ratio of 10
4
 exceeds the 

reported on/off ratio for the needle-like crystal sensitized C60 detectors by more 

than one order of magnitude
23

. The monochromatic quantum efficiency of the 

blended device at a bias of 15V is up to 400%, indicating an amplification of the 

photocurrent
14,24

 (due to the accumulation of holes in the NCs). The best 

responsivity value obtained for the hybrid devices exceeds ~1.6 AW
-1

 under 532 

nm illumination. 
 

 

Figure 2.2 (a) Current-voltage (I-V) characteristics of the spin-coated PbS/PCBM blend and 

(b) PCBM thin films in dark and under illumination.  

 The reference device composed of a pure PCBM film (Figure 2.2 (b)) shows a 

much weaker increase of the current under illumination than the blend. At 15V, 

under a homogenous illumination of 6.0 mW/cm
2
, the device delivers ~8×10

-9
 A, 

while the dark current is ~5 10
-11

 A (limited by our instrument sensitivity). The 

calculated responsivity of the PCBM device is then 2.5×10
-3

 AW
-1

. Devices 

fabricated with pure PbS NCs show currents bordering our detection sensitivity 

without increment upon illumination, which can be explained by the insulating 

nature of the bulky ligand layer surrounding the NCs. 

 To evaluate the responsivity in the near-infrared range we measured the 

photocurrent spectrum presented in Figure 2.3. The spectrum clearly shows a 
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maximum at 1200 nm and a general shape following that of the optical density of 

NCs as measured from a reference layer on a glass substrate prepared by drop 

casting and reported in the same figure. The similar shape confirms the active role 

of the PbS NCs in the photocurrent generation. The imperfect matching of the two 

spectra could be ascribed to the thickness difference (drop casted vs spin coated 

films).
25

 The photocurrent at 532 nm is 5 times higher than at the first excitonic 

absorption peak of PbS, giving rise to a responsivity of 320 mAW
-1

 at 1200 nm 

which is still about 100 times higher than reported for the best hybrid infrared 

detectors.
16

 
 

 

Figure 2.3 Optical density (black line) of PbS NCs and photocurrent spectrum (red line) of 

PbS/PCBM thin film. The photocurrent spectrum is measured at a bias of 25V. 

 An important feature of photoconductive detectors is the power dependence of 

the photocurrent. A strong decrease in the responsivity upon power increase has 

been observed in pure NC PDs
13,14

. In contrast, our PbS/fullerene PDs are 

characterized by an almost linear response of the photocurrent in respect to the 

illumination power, from the nW to the µW range and both, in the visible and in 

the near-infrared (Figure 2.4 (a) and inset). The linear response over several orders 

of magnitude is an important characteristic that makes these PDs appealing for 

several practical applications. The dynamic response of the blend PD is reported in 

Figure 2.4 (b); only 75% of the current disappears almost instantaneously when the 

light is switched off, while the rest of the current needs over 2 seconds to 

disappear. This is an indication for carrier trapping, taking place probably at the 

surface of the colloidal NCs. Long living carrier trapping in the PCBM is ruled out 

because of the faster response observed in the pure PCBM reference sample 

(Figure 2.4 (c)). Furthermore, transport measurements on pure PCBM films 

revealed a trap-free electron transport
26

. 
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(a) (b)

 

Figure 2.4 (a) Power dependence of the photocurrent at 1140 nm illumination. Inset: Power 

dependence of the photocurrent at 15V bias under 532 nm illumination. (b) Time behavior 

of the photocurrent of PCBM and PbS/PCBM thin films before and after switching off the 

illumination. 

 The figure of merit for PDs is the specific detectivity defined as D*= 

(A∆f)
1/2

Rλ/In , where A is the area of the photosensitive region, ∆f is the noise 

bandwidth, Rλ is the responsivity and In is the noise current. In our PD we have 

measured a noise current of ~ 0.28 pAHz
-1/2

 at 6 Hz, while with increasing 

frequency we found a continuous decrease till the limit of our setup was reached at 

120 Hz. With the noise current measured at 6 Hz and the responsivity as given 

above a detectivity D* of ~2.5×10
10

 Jones is obtained at 1200 nm. The noise-

equivalent power (NEP) amounts to ~0.9 pWHz
-1/2

. These achieved values are 

close to the ones of the best commercial infrared detectors operating at room 

temperature. 

 

2.2.3 Optical characterization 

Optical density and photoluminescence of PbS NCs and PCBM molecules 

 The optical density (OD) and photoluminescence (PL) spectra of NCs and 

PCBM are reported in Figure 2.5. The OD of the NCs covers the whole visible 

range down to the near-infrared region with a first excitonic peak ~ 1250 nm. 

PCBM has negligible absorption above 600 nm, therefore all excitations are 

performed above the absorption edge of PCBM during the latter time-resolved 

studies. The NCs show a narrow emission at ~ 1375 nm, while PCBM has a very 

weak emission ~700 nm which cannot be observed with the actual scaling. 
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Figure 2.5 Optical density and PL spectra of PbS NCs and PCBM molecules 

Time-resolved photoluminescence of PbS/PCBM active layer 

 The physical mechanism enabling such elevate performance of oleic acid 

capped NC based PDs is clarified by time-resolved optical spectroscopy, 

performed on drop cast films prepared on glass slides. Figure 2.6 (a) compares the 

photoluminescence (PL) decay of the PbS NCs and the PbS/PCBM blend thin films 

excited at 800 nm where only the inorganic components absorb. The PL of the NCs 

decays exponentially with a time constant of ∼10 ns, while the PL of the blended 

thin film is quenched, showing a bi-exponential behavior with a fast component of 

~70 ps and a slower component of ~580 ps. The much faster decay time of the PbS 

emission can be attributed to an efficient charge transfer from the NCs to the 

PCBM molecules. The exciton formed by photoexcitation of the NCs can be 

separated due to the high dielectric constant of the NCs
27

 (ε~ 17) and the higher 

electron affinity of the fullerene derivative. 

 An important experimental tool to separately identify the dynamics of electrons 

and holes is the comparison between time-resolved PL and transient absorption in 

pump-probe measurements. Figure 2.6 (b) shows that the decay of the PL is faster 

than the one of the transient absorption. While PL is a physical quantity depending 

on the product of hole and electron populations, bleaching (increase of the 

transmission) of the probe absorption induced by an ultrafast pump pulse depends 

on the sum of the hole and electron populations weighted by their relative 

contributions. One can therefore describe the pump-probe signal as the sum of a 

decaying component (due to the carriers that are being transferred outside the NCs) 

and a constant component (due to the oppositely charged carriers remaining inside 

the crystals) that are approximately equal in magnitude. The photophysical 
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experiments provide therefore evidence for charge transfer (as opposed to energy 

transfer) at the hybrid NC/fullerene interface. 
 
(a) (b)

 

Figure 2.6 (a) PL decay of the PbS NCs and the PbS/PCBM blend thin film. The PL is excited at 800 

nm. The decays are measured in the maximum of the PL spectrum at ~ 1350 nm. (b) Pump-probe 

measurements on the PbS/PCBM blend versus PL decay of PbS/PCBM blend. The pump is at 784 nm 

and the probe at 1280 nm.  

2.2.4 Energy level alignment between PbS and PCBM 

 The comparison of the relative energy levels of the conduction and valence 

band of the NCs and the HOMO-LUMO levels of PCBM also suggests electron 

transfer between the two materials. An estimation of the energy levels for PbS NCs 

from ref. 28 gives the lowest unoccupied NC state at ~ 4.0 eV
28

 below the vacuum 

level and the highest occupied NC state at ~ 5.0 eV. Comparison with the LUMO 

and HOMO level of PCBM, estimated to be ~ 4.2 eV and ~ 6.0 eV below the 

vacuum level
29

, indicates the possibility for electron transfer from NCs to the 

fullerene derivatives.  

 To determine the charge carrier type dominating the transport in the PD 

devices, we have investigated the hybrid blend films in field-effect transistor 

configuration. The output characteristics of the field-effect transistors having as 

active layer a thin film blend of PbS NCs and PCBM are reported in Figure 2.7. 

The drain current shows a positive sign for positive drain source voltages (VDS) and 

a saturation behavior, whereas for negative VDS the current reverses its sign and 

diverges. This is the characteristic behavior for thin film transistors with unipolar 

electron transport
30

. Furthermore, the devices show strong gate dependence and 

electron mobility values up to 3.0×10
-4

 cm
2
V

-1
s

-1
 as extracted from the linear 

regime of the transfer characteristics. This mobility value is ascribed to the PCBM, 

because transistors using oleic acid capped PbS NCs as active layer do not operate 

due to the insulating nature of oleic acid. 
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Figure 2.7 Output characteristics of a field-effect transistor having as active layer 

PbS/PCBM blend under illumination of 6 mW/cm
2
 of 532 nm. 

2.3 Conclusions 

 In summary, we introduce a solution-processable hybrid organic-inorganic 

blend of fullerene derivative and PbS NCs as active medium for PDs. We highlight 

that the active layer composed of PbS NCs and PCBM exploits photoinduced 

ultrafast charge transfer from the NCs fully covered by bulky oleic acid ligands to 

the fullerene (Figure 2.8), demonstrating a new approach towards efficient PDs 

with respect to the ligand manipulation. 
 

 
 
Figure 2.8 Schematic of photoinduced charge transfer from PbS NCs to PCBM molecules 
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 Field-effect transistor measurements evidenced that the electrons are the 

mobile carriers in our PDs, while the holes are trapped in the NCs. In this 

configuration photoconductive gain as well as a linear power dependence of the 

photocurrent is obtained. Moreover, the detectivity of these solution-processable 

devices compares to that of commercial PDs sensitive in the near infrared, making 

them appealing cost effective alternative to the actual technology. 
 

 

2.4 Experimental 

 Oleic-acid-capped PbS crystals were synthesized similarly to the preparation 

reported in ref. 31.
31

 The fullerene derivative [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) were obtained by Solenne Bv. For electrical measurements the active 

layer was spin-coated from chlorobenzene onto substrates composed by a heavily 

doped p-type Si (that served as the gate electrode for field-effect transistor 

measurements) with 200 nm of thermally grown SiO2, used as the dielectric layer 

with a capacitance per unit area of 17 nFcm
-2

. The source and drain electrodes 

consisted of 10 nm of Ti and 30 nm of Au.  

 Samples for optical characterization were drop-cast (thickness ~1600 nm 

measured by a Veeco Dektak 6M profilometer) onto quartz substrates from the 

same solution.  

 Cross section images were taken by a ZEISS 1540 XB cross beam electron 

microscope. For this purpose first a Pt layer was deposited with the focused ion 

beam. Than a trench was sputtered with 20 keV Ga ions and the secondary electron 

images were taken with 5 kV acceleration voltage and an in-lens detector.  

 The morphology of the sample was determined by MultiMode atomic force 

microscopy (AFM) NanoScope IV Scanning Probe Microscope Controller in 

tapping mode. 

 Time-resolved photoluminescence measurements were perfomed exciting the 

samples at 800 nm by a Ti:sapphire laser providing 150 fs pulses. The 

photoluminescence emission was detected by a spectrometer coupled with a 

Hamamatsu streak camera with a cathode sensitive in the near infrared spectral 

range.  

 Differential transmission decays are obtained with a two color pump-probe set 

up. The samples are excited with pulses from a regenerative amplifier (784 nm 

wavelength, 150 fs duration, 1 kHz repetition) and are probed with infrared (∼1280 

nm wavelength) pulses from a tunable parametric amplifier. The pump beam, 5 

µW in average intensity, is focused to a ∼150 µm spot on the sample, 
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corresponding to much less than one excitation per dot, in order to avoid nonlinear 

processes shortening the exciton lifetime; the probe samples the inner half of the 

spot, to ensure homogeneous excitation.  

 Electrical measurements were carried out in a home-built probe station under 

high vacuum (10
-6

 mbar) with Keithley 4200 semiconductor analyzer at room 

temperature. To prevent parasitic currents and to electronically isolate the silicon 

substrate a sheet of mica was used between the silicon substrate of the devices and 

the copper holder. The illumination of the samples was provided by a 532 nm 

fiber-coupled laser allowing a homogeneous illumination of the sample with a 

power of 6.0 mW/cm
2
. The photocurrent was measured with a lock-in amplifier 

illuminating the sample with a halogen lamp through an Acton monochromator 

(Spectra Pro 2150i). 
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