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QDs, which should be also promising for photodetector devices. 
In this work, we prove this hypothesis by studying poly(3-hex-
ylthiophene) (P3HT):CdTe QDs photodetector through trap 
engineering. By selective passivating deep traps on CdTe QDs 
surfaces with P3HT, the photodetectors retain a high gain of 50 
but have a 25 000 times shorter response time of 2 µs. The high 
specifi c detectivity of approaching 10 13  Jones across the UV–vis 
range enables the direct detecting weak light intensity of sub 
1 pW cm −2 . 

 CdTe QDs were chosen for this study because they have a 
high light absorption coeffi cient of over 10 5  cm −1   M  −1  at their 
fi rst excitonic absorption, [ 16 ]  and the electrons carrier mobility 
for CdTe single crystals exceeds 10 3  cm 2  V −1  s −1 . [ 17 ]  These prop-
erties enable CdTe QDs to be used as a good photoactive layer 
to absorb light and transport photogenerated charges in a pho-
todetector. CdTe QDs in this study were synthesized according 
to the literature, [ 16,18 ]  which were capped with  N -phenyl- N′ -
methyldithiocarbamate (PMDTC, the corresponding mole-
cular structure can be found in Figure S1a, Supporting Infor-
mation) after ligand exchange. [ 19,20 ]  The average diameter of 
CdTe QDs was about 5.6 nm, which was calculated from the 
exciton absorption peak (Figure S1b, Supporting Information). 
The energy diagram of PMDTC-capped CdTe QDs is shown in 
 Figure    1  a. Electrons are confi ned in the core of CdTe crystal due 
to the energy band offset between conduction band minimal 
(CBM) with the lowest unoccupied molecular orbital (LUMO) 
of PMDTC, while photogenerated holes are transferred to the 
PMDTC. Therefore, CdTe QDs act as electron-traps. For CdTe 
bulk materials, the reported defects causing electron-traps 
are Te vacancy VTe

2+, antisite Cd Te  and Cd interstitials Cdi
2+. [ 21 ]  

Among them VTe
2+ and Cd Te  cause shallow electron-traps with a 

trap depth of 0.04–0.06 eV below CBM, while Cdi
2+ causes deep 

electron-traps with a large trap depth of 0.64 eV. For CdTe QDs, 
due to the incomplete coverage of ligand, Cd 2+  is rich in the 
QDs surface. It has been reported that different oxide species 
on surface of QDs result in different trap states, [ 22 ]  and more 
oxygen contained species have longer trapping lifetime, which 
are often recognized as deep traps. PbS QDs fi lms with species 
of PbSO 4 , PbSO 3 , and Pb-carboxylate have photocurrent decay 
time of 2 s, 300 ms, and 60 ms, respectively. [ 22 ]  Cd 2+  may also 
form different oxide species which act as deep traps and cause 
a long decay time. In order to passivate these deep traps, we 
employed P3HT to engineer the traps of CdTe QDs. Here P3HT 
and CdTe QDs blended solution was spinning-coated onto hole 
transport layer covered indium tin oxide (ITO) glass to make 
nanocomposite fi lms, and the fi lms were solvent annealed 
in 1,2-Dichlorobenzene (DCB) atmosphere for 8 h. The prin-
ciple of engineering CdTe deep traps by P3HT is illustrated in 

  Highly sensitive photodetectors are needed in wide fi elds such 
as defense, industry, health, and scientifi c research. [ 1–9 ]  For a 
high performance photodetector, fast response, high signal-
noise ratio, and large linear dynamic range with a proper 
spectral response band are important in order to meet all the 
requirements for different applications. [ 1–4 ]  Photoconductive 
devices are attractive as highly sensitive photodetectors because 
of the large gain which is defi ned as the number of collected 
charges per absorbed photon. In general, the presence of deep 
traps in the semiconductor active layer causes a long carrier 
recombination lifetime for one type of charge, resulting in a 
high photoconductive gain because the gain is determined by 
the ratio of recombination lifetime and transit time for the 
carrier charges to sweep across the device. However, a long 
charge-trapping lifetime (or recombination lifetime) inevitably 
leads to a long device response time, which limits their appli-
cations. Inorganic nanomaterials including ZnO quantum dots 
(QDs), PbS QDs, CdS nanobelt, and organic–inorganic hybrid 
materials, such as organometal trihalide perovskites, have 
shown excellent photoconductive gain, but the main limit for 
their application is the low response speed. [ 3,5–9 ]  For example, 
PbS QD photodetectors can achieve a high gain with a respon-
sivity of 10 3  A W −1  after ligand exchange, which is induced by 
deep traps of PbS QDs. However, it is diffi cult to control the 
trap depth of PbS QDs within a suitable level after synthesis, 
and eventually leads to a long response time of 70 ms. [ 5 ]  CdTe 
nanowires and nanoribbons devices also show long response 
time of 1 and 3.3 s, respectively, due to the presence of deep 
traps. [ 10,11 ]  The charge detrapping lifetime reduces with trap 
depth since the detrapping is thermally activated. It is thus 
speculated that removing the deep traps while keep the shallow 
traps can still maintain the high gain while signifi cantly 
increases the device response speed. In the recent years, a new 
family of nanocomposite is synthesized by crafting conjugated 
polymer on QDs through covalent bond, and the photovoltaic 
response is improved compared to the simply physical mixture 
of these two materials. [ 12–15 ]  The improvement of photovoltaic 
signal may originate from partial passivation of the traps on the 
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Figure  1 b. Since the deep traps are most likely caused by the 
oxidized Cd 2+  species, we hypothesize that the Cd 2+  on the CdTe 
QDs can be passivated by S atoms of P3HT through forming 
Cd–S coordination bonds, so that Cd 2+  can no longer form 
oxide species. Through S atoms coordination interaction, sur-
face Cd 2+  related deep traps can be selectively passivated, while 

the shallow traps such as VTe
2+, Cd Te  and the trap due to energy 

offset of CdTe and ligand can be maintained.  
 To verify the passivation of deep electron-traps, we meas-

ured the energy dependent trap density distribution of the 
nanocomposite material using thermal admittance spectros-
copy method. [ 23 ]  For this measurement, electron-only devices 
were fabricated so that only electron-traps were measured with 
structure of ITO/Cs 2 CO 3 /CdTe or P3HT:CdTe/Cs 2 CO 3 /Al. The 
trap density of states verses demarcation energy curves of the 
electron-only CdTe and P3HT:CdTe nanocomposite devices are 
shown in Figure  1 c. [ 24,25 ]  It can be seen that the electron-trap 
density state of P3HT:CdTe device was signifi cantly lower than 
that of CdTe device at high demarcation energy (0.37–0.45 eV), 
while the electron-trap density states of the two devices were 
similar at low demarcation energy (≈0.31 eV). It indicates that 
the deep trap states on CdTe surface can be selectively passi-
vated by P3HT while the shallow trap states remain, which is in 
accordance with our assumption. We assign the shallow traps 
of 0.31 eV to the confi nement of electrons in CdTe core by the 
ligand. 

 Fourier transform infrared spectroscopy (FTIR) measure-
ment was performed to verify the formation of Cd–S coor-
dination bonds, and the results are shown in Figure  1 d. It is 
unfortunately not feasible to directly determine the Cd–S bond 
formation by monitoring the Cd–S bond vibration, because 
S also presents in the ligand. Here, we monitored the change 
vibration intensity of other chemical bonds on P3HT, because 
they should be reduced if S atoms on P3HT is fi xed to CdTe 
QDs. Nevertheless, the degree of reduction is expected to be dif-
ferent, depending on the distance of this chemical bond with 
the Cd–S bond. We identifi ed three major vibrations peaks at 
1508, 818, and 722 cm −1 , which correspond to C=C stretching 
vibration, aromatic C–H bond out of plane vibration, and C–H 
vibration in the methyl rock, respectively. Since the C=C bond 
is closest to the Cd–S bond, its vibration intensity should be 
strongest affected. For the same token, the C–H vibration in 
the methyl rock should be least affected due to its largest dis-
tance with Cd–S bond. Four P3HT:CdTe samples with dif-
ferent P3HT loading ratio were measured, and the spectra 
were normalized by the 1258 cm −1  peak which corresponded to 
the C–N bond on CdTe surface in order to exclude the infl u-
ence of different amount of CdTe QDs in each sample. We can 
see that the absorption peak intensity of all these three peaks 
decreased as the percentage of P3HT in the nanocomposite 
materials decreased. [ 26 ]  However, the decreasing rates were dif-
ferent as summarized by the inset of Figure  1 d. The absorb-
ance of methyl rock peak had a linear relationship with P3HT 
percentage, while the absorbance peaks of the C=C and aro-
matic C–H bonds decreased faster than the P3HT concentra-
tion change. The decreasing rate of the absorbance for C=C 
bond vibration was the fastest. This is fully agreement with our 
speculation, and thus confi rms the formation of Cd–S coor-
dination bonds after mixing P3HT and CdTe QDs. It is noted 
that C=C stretching vibration signal disappeared when P3HT 
loading ratio is reduced to 20%, which indicates that most S 
atoms on P3HT formed Cd–S bond with Cd 2+  on CdTe QDs 
surface. [ 26 ]  Moreover, the coordination effi ciency is over 90% 
according to the ratio of decreased peak intensity of C=C bond 
when the P3HT content is 20%. Therefore, the passivation of 
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 Figure 1.    a) The scheme of electron-trap process of PMDTC-capped 
CdTe QDs. b) The QDs passivation process scheme. Uncovered Cd 2+  
trap points are coordinated with P3HT molecular, and the deep electron-
traps states are signifi cantly eliminated. c) The trap density of state for 
CdTe and P3HT:CdTe electron-only devices under −0.5 V bias. d) FTIR 
spectra of P3HT:CdTe fi lms with different P3HT contents, and the 722, 
818, 1508 cm −1  signal peaks from P3HT are labeled. The inset fi gure 
shows the absorption changes of the three peaks with P3HT loading ratio.
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CdTe QDs by P3HT should originate from eliminating deep 
traps caused by Cd 2+  related oxide species, because capping 
CdTe QDs by P3HT coordination bonds prevents the oxidation 
of Cd 2+ . The wrapping effect of CdTe QDs by P3HT is character-
ized by atomic force microscope (AFM) as shown in Figure S2, 
Supporting Information. The phase image of P3HT:CdTe fi lm is 
more uniform than that of CdTe QDs fi lm because the exposed 
CdTe surface area is decreased by P3HT wrapping. 

 Photodetectors with two kinds of active layers of CdTe QDs 
or P3HT:CdTe QDs were fabricated to fi nd out the passivation 
effect of CdTe QDs deep traps on device performance. Ver-
tical device structure was employed so that the transit distance 
and the transit time of carriers can be minimized ( Figure    2  a). 
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) and N4,N4′-bis(4-(6-((3-ethyloxetan-3-yl)methoxy)
hexyl)phenyl)-N4,N4′-diphenylbiphenyl-4,4′-diamine (OTPD) 
were employed as holes-transporting/electrons-blocking layer, 
and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) layer 
was used as electrons-transporting/holes-blocking layer. For 
the OTPD layer formation, UV cross-linking process was per-
formed to prevent this layer from being washed away by the 
following spin-coating process.  

 The energy band structures of the CdTe device and the 
P3HT:CdTe device are presented in Figure  2 b,c, respectively. 
Trapped electrons in CdTe QDs act as the space charges to 
cause band-bending in the CdTe fi lms and the P3HT:CdTe 

blended fi lms, which signifi cantly reduces hole injection bar-
rier. Under illumination, holes can be easily injected into the 
active layer from Al electrode even under a small reverse bias, 
which enables a large photoconductive gain in these devices. 
External quantum effi ciency (EQE) measurement was con-
ducted at different reverse biases to characterize the device 
photoconductive gain directly. As shown in  Figure    3  a, the 
EQE value of the CdTe device exceeded 100% at −3 V bias, 
and increased rapidly with the bias. The peak EQE value of the 
CdTe device at 390 nm reached 4300% at −6.4 V. An obvious 
increase of reverse-bias photocurrent was observed, which is in 
good correspondence to the EQE change (Figure  3 b). The EQE 
value can be above 100%, because in addition to the photogen-
erated charges, charges fl owing through the external circuit 
also include injected ones from the electrodes under an applied 
bias, and this part of charges can be only injected under illumi-
nation because of the large energy barrier prevents the charge 
injection in the dark. The number of injected charges can be 
signifi cantly higher than that of the photogenerated charges, so 
the resulting gain can be much larger than 1 (or EQE of 100%). 
The multiple exciton generation effect and avalanche effect 
should be excluded for the mechanism of the observed large 
gain because of the too small bias and very large gain observed 
here. Introducing P3HT into the CdTe fi lms did not reduce 
the EQE (Figure  3 c), while reduced the dark current density 
( J  d ) signifi cantly. Usually, eliminating the deep traps of a device 
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 Figure 2.    a) The device structure of CdTe and P3HT:CdTe nanocomposite photodetectors. b,c) The energy band structures of the CdTe and P3HT:CdTe 
devices under illumination and under an applied reverse bias.
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may decrease the gain due to the shorten charge recombination 
time, however, the P3HT:CdTe device almost had the same gain 
with the CdTe device after trap engineering by P3HT. This is 
because the holes mobility of P3HT is much higher than that 
of PMDTC (Figure S3, Supporting Information), so holes are 
mainly transported by P3HT in the P3HT:CdTe device, which 
contributes to a shorter transit time, and eventually leads to a 
similar gain. For the CdTe QDs device, the  J  d  was ≈50 µA cm −2  
at −5 V, while the  J  d  of P3HT:CdTe device was only 1.9 µA cm −2  
at −5 V, as shown in Figure  3 d. The large  J  d  of CdTe device may 
be due to the incomplete coverage of ligands on CdTe QDs or 
pin–holes leakage due to the noncompact nanoparticle fi lms. 
This can explain the high EQE value of over 8000% for CdTe 
device without BCP layer (Figure S4, Supporting Informa-
tion). After introducing P3HT into CdTe QDs, CdTe QDs were 
capped and well dispersed in the P3HT matrix, which can sig-
nifi cantly decrease the leakage. In addition, passivate the deep 
electron-traps did not change the dominant trap type (electron-
trap device), because the electron-trap density was still higher 
than the hole-trap density (Figure S5, Supporting Information), 
which enabled that our device was still a hole dominated device.  

 A shorter transit time and trapping time in the P3HT:CdTe 
device should result in a short response time after passivating 

the deep traps. The response time was measured, and the 
transient photocurrent was generated by a chopper modu-
lated 532 nm laser pulse, and recorded by an oscilloscope. 
As shown in  Figure    4  a, the response time of CdTe device was 
>50 ms. On the other hand, the response time of P3HT:CdTe 
device was much shorter. Since the response speed was so fast 
that the slow chopper rotation rate already limited the meas-
urement (Figure  4 b), we used a 337 nm laser pulse with a 
pulse width of 4 ns to accurately measure the response time. 
As shown in Figure  4 c, the decay of photocurrent consisted 
of a fast process of 0.2 µs and a slow process of 1.6 µs. This 
response speed was among the highest reported value among 
all nanoparticles or QDs based photodetectors. [ 3,5–9 ]  The fast 
response speed in P3HT:CdTe device further proves that Cd 2+  
related deep traps are all passivated by P3HT. The transit time 
of the P3HT:CdTe device was calculated to be 73 ns using the 
hole mobility of 1.1 × 10 −3  cm 2  V −1  s −1  derived from space 
charge-limited-current (SCLC) method (Figure S3a, Sup-
porting Information). Photoconductive gain was calculated to 
be about 28 using the ratio of recombination time and transit 
time, which was smaller but close to the gain measured by 
EQE. While the transit time of CdTe device was calculated 
to be 47 µs, which is much longer than that of P3HT:CdTe 
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 Figure 3.    a,c) The EQE spectra at different reverse bias for the CdTe and P3HT:CdTe device. b,d) The  J – V  curves in the dark and under illumination for 
the CdTe and the P3HT:CdTe devices.
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device due to low holes carrier mobility of PMDTC ligand 
(Figure S3b, Supporting Information).  

 The fi gure of merit of a photodetector is the specifi c detec-
tivity ( D *  ) which characterizes the capability of a photodetector 
to detect the weakest light signal. [ 9 ]  In addition to the respon-
sivity, the other important factor that infl uences the specifi c 

detectivity is the noise current. Usually, a low dark current pre-
dicts a low noise current. If the noise is mainly dominated by 
shot noise, it can be directly calculated from the dark current. 
However, in many instances, charge traps in the photoactive 
layer may change the origin of noise. Frequency dependent 
fl icker noise due to the trapping-detrapping of charge carriers 

 Figure 4.    The transient photocurrent of the a) CdTe device and b) the P3HT:CdTe device measured under a bias of −5 V with an optical chopper con-
trolled 532 nm laser pulses. c) The transient photocurrent decay curve of the P3HT:CdTe device excited by a 337 nm laser pulse. d) The noise current 
of the CdTe and the P3HT:CdTe devices under −5 V bias. e) The specifi c detectivity of CdTe and P3HT:CdTe devices under −5 V bias. f) The measured 
signal current of the P3HT:CdTe nanocomposite photodetector by a FFT spectrum analyzer under changed light intensity to distinguish the weakest 
detectable light intensity from noise. g) Linear dynamic range measurement result of the P3HT:CdTe photodetector.
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is commonly encountered, and it is often much larger than 
the shot noise. [ 9 ]  Therefore, it is more accurate to measure the 
noise current instead of calculating it from dark current. We 
believe that passivating the deep trap of CdTe QDs by P3HT 
should reduce the device noise current, and the noise type may 
change from fl icker noise to shot noise because the charge trap-
ping and detrapping process is reduced. Figure  4 d shows the 
directly measured noise current of the CdTe and P3HT:CdTe 
devices at different frequency by a fast Fourier transform (FFT) 
signal analyzer which was connected to a low noise current pre-
amplifi er. It can be clearly seen that the noise current of the 
P3HT:CdTe device was about one order of magnitude lower 
than that of the CdTe device at −5 V bias below 200 Hz. The 
noise of the CdTe device was completely dominated by 1/f 
noise, while the noise of the P3HT:CdTe device was dominated 
by shot noise for >160 Hz. The noise current of P3HT:CdTe 
device at 35 Hz was only 0.8 pA Hz −1/2 . P3HT:CdTe device pre-
sents low noise and high responsivity through engineering the 
trap depth of CdTe, which can result in a high specifi c detec-
tivity according to Equations  ( 1)   and  ( 2)   [ 3 ] 

     =D
AB

NEP

( )
(cm Hz W or Jones)*

1/2
1/2 –1   (1)  

     
ν

= =
⋅

− −

NEP
i

R

i

q EQE h
(WHz )

/
(WHz )

2
–1/2

2
–1/2

1/2 1/2

  (2) 

 where  A  is the device area,  B  is the bandwidth, NEP is the noise 
equivalent power, 2 1/2

i  is the measured noise current,  R  is the 
responsivity,  h  is the Planck constant,  ν  is the frequency of 
light. The peak responsivity of the P3HT:CdTe photodetector at 
380 nm was 13.6 A W −1 , and the corresponding  D *   was about 
4.5 × 10 12  Jones as plotted in Figure  4 e.  D *   of P3HT:CdTe device 
was about fi ve times higher than that of CdTe device, and it 
remained approaching 10 13  Jones from 300 to 700 nm. 

 A high specifi c detectivity means that the device can detect 
weak light. Based on the noise current of 8 × 10 −13  A Hz −1/2  
at 35 Hz, the responsivity of 10.8 A W −1  at 350 nm, the 
NEP was calculated to be 7.4 × 10 −14  W Hz −1/2  according to 
Equation  ( 2)  . It means that our photodetector can distinguish 
the weakest light intensity of 1 pW cm −2  from noise consid-
ering its working area of 7 mm 2 . This estimation stands only 
if the device responsivity keeps constant under a weak light 
intensity down to the NEP level, because the responsivity is 
derived under strong illumination. Therefore, it is necessary to 
directly characterize the NEP of our photodetector to confi rm 
the large calculated detectivity. Here the total current of the 
photodetector at different light intensity under the reverse bias 
of −5 V was recorded by a FFT spectrum analyzer in the same 
way as noise current measurement. A 350 nm emission light 
LED was modulated to be 80 Hz frequency by a function gen-
erator, and the light intensity was severely attenuated by neutral 
density fi lters from 12.6 nW cm −2  to 0.9 pW cm −2 . As shown 
in Figure  4 f, there was a photocurrent signal peak at 80 Hz 
when the light intensity was about 12.6 nW cm −2 , and the pho-
tocurrent signal was proportional to the light intensity as the 
intensity change. When the light intensity was low enough, the 
signal can be no longer distinguished from the noise current, 
and that light intensity should be the NEP of the photodetector. 

It can be seen that the lowest detectable light intensity for our 
device was about 0.9 pW cm −2 , and it was close to the NEP cal-
culation result. Benefi ted from the reduced noise, this kind of 
nanocomposite photodetector also had a wide linear dynamic 
range (LDR). From Figure  4 g we can see that the device photo-
current exhibited a linear relationship within the light intensity 
range from 0.019 W cm −2  to about 10 pW cm −2 . The LDR was 
more than 90 dB, which was signifi cantly larger than that of the 
InGaAs detector (66 dB) and GaN detector (50 dB). [ 2,27 ]  These 
photodetectors had a stable photocurrent output at work con-
dition (−5 V) under white light illumination with intensity of 
100 mW cm −2  (Figure S6, Supporting Information). There was 
little degradation of photocurrent after over 35 min continuous 
measurement. 

 In conclusion, we fabricated P3HT:CdTe QDs nanocom-
posite photodetectors and proposed a strategy of tailoring 
the trap depth of CdTe QDs device by trap engineering. Cd 2+  
related deep traps on CdTe QDs surface were selectively pas-
sivated by P3HT coordination, while the shallow traps can 
still trigger a high gain of 50 as well as a short response time 
of 2 µs. The noise of the P3HT:CdTe device was signifi cantly 
reduced compared to that of the device without trap passiva-
tion, resulting in a high specifi c detectivity of approaching 
10 13  Jones. The NEP of our photodetectors was directly meas-
ured to prove that it could detect a weak light intensity of 
0.9 pW cm −2 . The nanocomposite device also had a large LDR 
of over 90 dB. The excellent combination of gain, response 
speed, sensitivity, LDR, and stability of P3HT:CdTe QDs 
photo detectors paved the way for a wide range of applications 
in different fi elds.  
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