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end up with charge recombination when the sum of  L  p  and the 
charge-drift length is less than the fi lm thickness ( L  f ). On the 
other hand, the charges photogenerated by long-wavelength 
light, which have smaller absorption coeffi cient and thus a 
longer penetration depth, have a chance to be partially collected 
by the electrodes. As a result, the thick active layer devices have 
photoresponse only to long-wavelength light, but small or no 
response to short-wavelength light, resulting in a wavelength-
dependent photoresponse (or external quantum effi ciency, 
EQE) peak close to the band edge as illustrated in Figure  1 a. 
This new mechanism allows us to achieve narrowband light 
detection by engineering  L  p ,  L  d , and  L  f .  

 We did a simulation to fi nd out the charge-generation region 
using a classical polymer semiconductor material system of 
poly(3-hexylthiophene) (P3HT): [ 6 ] -phenyl C60 butyric acid 
methyl ester (PCBM) in a device with the structure of indium tin 
oxide (ITO)/poly( N -vinylcarbazole) (PVK) (20 nm)/P3HT:PCBM 
(3.5 µm)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) 
(10 nm)/aluminum (Al) (100 nm). Figure  1 b shows the distri-
bution of normalized modulus square of optical electric fi eld 
( | ( ) |2E x ) in the active layer. The color difference represents the 
| ( ) |2E x  intensity. The | ( ) |2E x  is almost zero below 630 nm at a 
distance of 500 nm from ITO, suggesting that light below 630 nm 
is almost completely absorbed by the 500 nm P3HT:PCBM 
layer due to their much shorter  L  p . On the other hand, strong 
oscillation of | ( ) |2E x  around 680 and 720 nm appears across 
the whole fi lm due to the interference effect and larger  L  p . 

 One limitation of this device structure for narrowband 
photodetection is that the responsivity of the photodetectors 
is relatively low, because a signifi cant amount of photogen-
erated charges close to the transparent electrode cannot be col-
lected by the counter electrode. The reported maximum EQE 
was less than 35% at −1 V with the active layer thickness of 
1500 nm based on the PCDTBT:PC 71 BM system in ref.  [ 5 ] . We 
did computation of the EQE by assuming that all the charges 
generated within  L  d  from the Al cathode can be completely col-
lected and derived the EQE spectrum of the thick P3HT:PCBM 
device. The detailed simulation process can be found in the 
Supporting Information. As shown in Figure  1 c, the theoretical 
EQE upper limit is less than 20% for a −6 V biased device with 
the active layer thickness of 3 µm based on the P3HT:PCBM 
system. The small responsivity may limit the applications of 
these narrowband photodetectors. Here, we report a >20-folds 
improvement of the EQE to these narrowband photodetectors 
by introducing charge traps into the photoactive layer, which 
also resulted in a large linear dynamic range (LDR) of 110 dB 
and a low-noise equivalent power (NEP) of 5 pW cm −2 . 

 The device structure and working principle are shown 
in  Figure    2  . To achieve a large photoconductive gain in the 

  Highly sensitive photodetectors with narrowband response 
have wide applications in the fi elds of fl uorescence microscopy, 
spectroscopy, clinical chemistry, imaging, chemical/environ-
mental/elemental analysis, and the scientifi c research. [ 1–5 ]  As 
an example of biologic application, the fl uorescence study of 
the stained cells is generally used to visualize the targeted cells 
and to accurately determine the position and the concentration 
of stained cells. This needs photodetectors that can selectively 
sense the fl uorescence emission generated by stained cells 
while reject background emission or excitation light. However, 
it is diffi cult to fi nd a semiconductor material, including both 
traditional semiconductors or emerging organic semiconduc-
tors, with a very narrow absorption spectrum. [ 6,7 ]  To solve this 
issue, a bandpass optical fi lter is generally used to select a wave-
length band of interest to combine with a broadband photo-
detector. However, it is noted that the commercially available 
optical fi lters do not always cover the spectral band of interest 
for different applications. In addition to the cost added by the 
bandpass optical fi lters and increased sensor size and weight, 
there are issues with interference-based fi lters such as contami-
nation and shoulder absorption. 

 Recently, a new type of narrowband photodetectors without 
bandpass optical fi lters has been reported using relatively thick 
organic bulk-heterojunction (BHJ) fi lms. [ 5 ]  The idea is to take 
advantage of the difference of light attenuation length at dif-
ferent wavelength to realize the wavelength-dependent charge 
collection, which is illustrated in  Figure    1  a. The absorption 
coeffi cient of any photoactive material is wavelength dependent. 
Generally, the absorption close to or below the optical bandgap 
is much weaker than the above-bandgap absorption, and thus 
longer wavelength light has a larger penetration depth ( L  p ) in 
the photoactive layer, [ 8 ]  causing a variation of charge-gener-
ation region with respect to incident light wavelength, which 
is shown in Figure S1a,b (Supporting Information). Generally, 
charges generated by short- and long-wavelength light are effi -
ciently collected by electrodes in thin-fi lm (80–200 nm) polymer 
solar cells. However, when the photoactive layer is much thicker 
(2–5 µm), the photogenerated charges by shorter wavelength 
light might not be collected by the electrodes because of the 
too small charge-drift length ( L  d ). The photogenerated charges 
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photodetectors, we introduced cadmium telluride (CdTe) 
quantum dots (QDs) into the P3HT:PCBM bulk-heterojunction 
fi lms (Figure  2 a) to form nanocomposite active layers [ 9–11 ] . As 
illustrated by the energy diagram shown in Figure  2 c,d, P3HT 
acts as electron donor, and both PCBM and CdTe QDs work 
as electron acceptors. The introduction of CdTe QDs, which 
have a long electron trapping time, signifi cantly slowed down 
the recombination of transit holes in P3HT. A photoconductive 
gain is thus realized because the photoconductive gain is deter-
mined by the ratio of the electron–hole recombination lifetime 
and the hole transit time. These devices also uniquely combine 
the high gain of a photoconductor and the low noise of a pho-
todiode because of the formation of vertical phase separation 
in the nanocomposite layer. The enrichment of CdTe at the top 
surface of the nanocomposite fi lm is shown by the cross-sec-
tional scanning electron micrograph (SEM), which is verifi ed 
by the energy-dispersive X-ray spectroscopy (EDX) scanning of 
Cd and Te at a linear scanning mode as shown in Figure  2 b. It 
was clearly observed that the CdTe QDs predominately located 
at the top surface, which is to be connected to Al cathode. As 
shown in Figure  2 d, photogenerated electrons transfer from 
P3HT to PCBM and CdTe QDs under illumination. The elec-
trons, including those transferred from P3HT and generated 
in CdTe QDs, are trapped by CdTe QDs, which cause in situ 
n-doping of the P3HT:PCBM:CdTe layer at the top surface by 
forming the space-charge layer. The trapped electrons in CdTe 
QDs, which are rich close to the cathode, shift the lowest unoc-
cupied molecular orbital (LUMO) of the P3HT downward and 

align the Fermi energy of active layer with that of the electrode. 
It causes more holes to be injected into the nanocomposite 
layer from cathode under a very small applied reverse bias due 
to the decreased charge injection barrier thickness. This pro-
vides a mechanism to form the Ohmic contact, which is a pre-
requisite for the photoconductor and thus the photoconductive 
gain. [ 12 ]  As a result, the photodetector is transformed from a 
low-noise photodiode in the dark to a high-gain photoconductor 
under illumination because the Schottky contact was replaced 
by the Ohmic contact. Since the valance band top of CdTe is 
deeper than the highest occupied molecular orbital of P3HT, 
accumulation of CdTe QDs at the interface of nanocomposite/
Al will not enhance the dark current due to the blocked hole 
injection.  

 Figure  2 e shows the absorption spectra of 150 nm thick CdTe, 
150 nm thick P3HT:PCBM, and 3.5 µm thick P3HT:PCBM and 
P3HT:PCBM:CdTe, measured in a transmission mode. Light with 
wavelength below 630 nm was completely absorbed by the 3.5 µm 
thick fi lms. There is still relatively weak light absorption in the 
wavelength range of 630–850 nm, which is either from band tail 
absorption from P3HT:PCBM, or from CdTe QDs, or due to light 
scattering. The absorption cutoff of CdTe QDs is 720 nm, which 
agrees with its diameter of 5 nm. The absorption spectrum of 
P3HT:PCBM:CdTe thick fi lms is almost the same with that of the 
P3HT:PCBM thick fi lm other than the small absorption shoulder 
from CdTe. The absorption spectra provide direct evidence that 
only red light can penetrate through the whole active layer, while 
shorter wavelength blue-green light is completely absorbed. 
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 Figure 1.    a) Illustration of the narrowband photodetector working principle. b) Distribution of normalized modulus square of optical electric fi eld 
( E x| ( ) |2 ) of active layer interior. c) The calculated IPCE of the photodetector with 3.5 µm thick P3HT:PCBM.
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 In order to identify whether the charge traps were intro-
duced into the devices, the thermal admittance spectroscopy 
measurement of the photodetectors with and without CdTe 
QDs was performed. The distribution of the trap states was 
presented by the calculated trap density of states versus demar-
cation energy, [ 13 ]  which is shown in Figure  2 f. By comparing 
the two trap density curves of the devices with or without CdTe 
QDs, it is observed that a deeper charge trap band from 0.36 to 
0.46 eV below band edge was introduced into the device, which 
should come from the traps in CdTe QDs. [ 14 ]  Our recent study 
of CdTe QDs synthesized by the same process verifi ed that the 
traps are dominated electron traps caused by the quantum con-
fi nement of the organic ligand and uncoordinated Cd 2+  ions on 
the surface of the QDs. [ 14 ]  

 EQE spectra were measured at different reverse biases 
to characterize the wavelength-dependent gain of the 
photodetectors, and the results are shown in  Figure    3  a,b. The 
P3HT:PCBM devices without CdTe QDs have a narrowband 
response between 650 and 800 nm, which agrees well with our 
calculated EQE spectrum. At a reverse bias of −6 V, the peak 
EQE at 660 nm is about 10%, which is slightly lower than cal-
culated results, because the simulation assumes that all the 
charges generated within  L  d  from the Al cathode can be 100% 
collected. No gain appears in this photodetector and the corre-
sponding peak responsivity of 0.053 A W −1  at 660 nm is very 
small. However, the EQE peak value of the devices with CdTe 
QDs was dramatically enhanced by 20-folds to around 200% at 
the same reverse bias. The performance improvement should be 
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 Figure 2.    a) Device structure of photodetector. b) Cross-sectional SEM of the blend active layers (CdTe QDs rich in top to Al electrode) combined with 
EDX with linear scanning mode of Cd and Te. The energy diagram of photodetector under illumination. c) Without CdTe QDs and d) with CdTe QDs. 
e) Absorption spectra of the CdTe QDs (150 nm), P3HT:PCBM (150 nm), CdTe QDs:P3HT:PCBM (3.5 µm), and P3HT:PCBM (3.5 µm). f) The trap 
density of state curve versus demarcation energy curve.
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caused by the trap-induced secondary hole injection. The dark 
currents in Figure  3 c,d show that both the P3HT:PCBM and 
P3HT:PCBM:CdTe devices have good rectifying characteristic, 
as well as a low dark current of ≈10 −7  A cm −2  at −6 V, indi-
cating a typical photodiode behaviors. When the P3HT:PCBM 
device was illuminated under a light intensity of 100 mW cm −2  
(AM 1.5 G), the photocurrent increased by three orders of 
magnitude for both reverse bias and forward bias conditions, 
while the rectifi cation ratio was still in excess of 20 at ±6 V. The 
P3HT:PCBM device had an open-circuit voltage of 0.6 V, which 
indicates that the P3HT:PCBM thick-fi lm photodetector still 
worked in the photovoltaic mode. In striking contrast, the rec-
tifi cation ratio of the P3HT:PCBM:CdTe device decreased sig-
nifi cantly to 3 at ±6 V under illumination, and the photovoltage 
disappeared, which is a direct evidence that the photodetectors 
transformed from a photodiode to a photoconductor.  

 To accurately obtain the noise current of photodetectors 
with the lowest dark current, a fast Fourier transform (FFT) 
signal analyzer and a current preamplifi er were used to record 
the noise current at different frequencies under −6 V bias. 
As shown in the inset of  Figure    4  a, the noise currents of the 
photodetectors with or without CdTe QDs are almost the same 
(≈3.5 × 10 −13  A Hz −1/2  at 35 Hz) and are barely sensitive to the 
frequency. Based on the directly measured noise current and 
EQE, the specifi c detectivity ( D *) can be calculated according to 
the following equations [ 15 ] 
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 (1)
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 where  A  is the active layer area,  i  n  is the measured noise cur-
rent,  R  is the responsivity,  h  is the Planck constant,  c  is the light 
speed, and  λ  is the light wavelength. As shown in Figure  4 a,  D * 
at 35 Hz for the photodetectors with CdTe QDs is 7.3 × 10 11  cm 
Hz 1/2  W −1  at 660 nm, which is 20 times higher than that of the 
devices without CdTe (3.7 × 10 10  cm Hz 1/2  W −1 ). The NEP of 
photodetectors is calculated to be 3.3 × 10 −13  W Hz −1/2 , which 
means the photodetectors should be able to detect the red light 
intensity of 4.7 pW cm −2  because the active layer area of our 
devices in this study is 7 mm 2 .  

 To further verify whether the photodetectors can actually detect 
light intensity as low as NEP and the responsivity keeps constant 
under weak light, we directly measured the signal current under 
various light intensities with the FFT signal analyzer in the same 
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 Figure 3.    EQEs of photodetectors a) without CdTe QDs and b) with CdTe QDs under reverse bias with a voltage step of 1 V. Photocurrent density at 
100 mW cm −2  and dark current density of photodetectors c) without CdTe QDs and d) with CdTe QDs.
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way as we measured the noise current. The incident light from 
a red light-emitting diode (LED, electroluminescence peak at 
660 nm) was modulated to at 20 Hz by a function generator power 
source, and the light intensity was tuned by the optical neutral 
density fi lters. As shown in Figure  4 b, a signal peak appeared at 
20 Hz, and it reduced along with the decreasing irradiance. The 
signal peak merged into the background noise current when 
the light intensity was reduced to 6.43 pW cm −2 . According to 
the defi nition of NEP, it represents the lowest light intensity at 
which the signal of a photodetector can no longer be differenti-
ated from the noise. Thus, the NEP derived here is almost same 
with the calculated NEP from  D *. Moreover, the light-intensity-
dependent signal–intensity plot at 20 Hz was inserted in 
Figure  4 b, which reveals that the signal peak intensities change 
linearly with the irradiance. To the best of our knowledge, this 
is fi rst time that NEP was directly measured and agreed well 
with calculated NEP in polymer–inorganic QDs nanocomposite 
photodetectors. 

 We measured the liner dynamic range (LDR) of devices 
with or without CdTe QDs by recording the steady-state 
photocurrent under a much large variation of red light inten-
sity at a modulation frequency of 35 Hz. Figure  4 c shows that 

the photocurrent increased linearly with increasing the light 
intensity from about 5 pW cm −2  all the way up to 0.5 W cm −2  
for the device with CdTe QDs. The 11 orders magnitude linear 
response corresponds to a large LDR of 110 dB. [ 16 ]  The LDR 
of photodetectors without CdTe QDs was also measured and 
is also shown in Figure  4 c. The P3HT:PCBM device had an 
LDR of 90 dB with linear response from 10 −10  to 0.1 W cm −2 . 
It is evident that the increased LDR for the device with CdTe 
QD was caused by the higher responsivity (or EQE) because 
the noise levels of both types of photodetectors were the 
same. Finally, the response time of the photodetectors, which 
is directly related to its frequency response, was measured 
by the f -3dB  method, and the result is shown in Figure  4 d. 
The devices were illuminated by the same red LED with 
varied switching frequency, and the photocurrent of the photo-
detectors was recorded by a lock-in amplifi er. The device 
response speed is bias dependent because of the changed 
carrier transit time. The −3 dB cutoff frequency under three 
reverse bias voltages is 180, 400, and 900 Hz at −2, −4, and 
−6 V, respectively. [ 15 ]  

 In summary, we reported sensitivity increase of the narrow-
band red light nanocomposite photodetector by 20 times by 

 Figure 4.    a) The specifi c detectivity of photodetectors with CdTe QDs under −6 V bias. Inset: the noise current of photodetectors with or without CdTe 
QDs under −6 V bias. b) The signal current spectra of photodetectors with CdTe QDs under a 660 nm LED at 20 Hz with various light intensities of 
direct NEP measurement. Inset: the peak signal intensity at 20 Hz obtained from (b) as a function of light intensities. c) The dynamic response of 
photodetectors with or without CdTe under −6 V bias under a LED illumination of various light intensities. The solid line is linear fi tting to the data. 
d) Normalized response loss of photodetectors with CdTe QDs versus light modulation frequency at a 660 nm LED under (−2, −4, −6 V) bias. The −3 dB 
point is specifi ed with the solid line.
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introducing a photoconductive gain. The devices with a gain 
have improved NEP to 5 pW cm −2  at 660 nm and 35 Hz and 
increased LDR to 110 dB. We believe that this highly sensitive 
red light photodetector can fi nd niche application in chemical 
and biological detection.  
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