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photodiodes with charge-blocking layers. [ 16 ]  
In photodiodes using organic and/or col-
loidal QD materials, these charge-blocking 
layers are inserted between the electrodes 
and the photoactive layer to reduce the dark 
current. More recently, we reported a ver-
tically stacked P-I-N-like photodiode with 
multispectral response (visible to 1300 nm) 
and high detectivity (>10 12  Jones) by using 
all solution-processed colloidal PbS QDs. [ 17 ]  
However, the detectivity of the IR photo-
diode is still lower than that of commercial 
InGaAs photodetectors because of their low 
responsivity even though they have very 
low noise currents. In this work, high gain 
and low dark current solution-processed 
colloidal PbS QDs IR PIN photodetectors 

with IR sensitivity up to 1500 nm are demonstrated. The low 
dark current is primarily due to the P-I-N structure with both 
electron and hole blockers to suppress carrier injection from 
the electrodes. The high gain in our IR photodiodes is due to 
the enhancement of electron tunneling through the 1,1-bis[(di-
4-tolylamino) phenyl]cyclohexane (TAPC) electron blocker under 
IR illumination, resulting from a distorted electron-blocking 
barrier in the presence of photo-generated holes trapped in the 
TAPC electron blocker. We further found that the trap states in 
the TAPC layer are generated by the Ag atoms penetrated in the 
TAPC layer during the thermal evaporation process. Because of 
the high gain and low dark current, the resulting photodetec-
tors have a high detectivity value of 7 × 10 13  Jones, which is even 
higher than that of a commercial InGaAs photodiode.  

  2.     Results and Discussion 

  2.1.     Device Structure 

 Our IR photodiode shown in  Figure    1   has the following struc-
ture: indium tin oxide (ITO) as the cathode, ZnO nanocrys-
tals (NCs) as the hole blocking layer (HBL), PbS QDs as the 
IR sensitizing layer, TAPC as the electron blocking layer (EBL), 
MoO 3  as the hole extraction layer (HEL), and Ag as the anode. 
PbS QDs used in our photodetectors have an absorption peak 
of 1200 nm. In order to improve the charge-transport proper-
ties of the PbS QD fi lm, 1,3-benzenedithiol (BDT) was used 
as a capping ligand to provide surface passivation for the 
QDs while minimizing the spacing between them to facilitate 
carrier transport. [ 18 ]  The Fermi level of PbS CQDs treated with 
BDT lies nearly at the midgap, [ 19 ]  and therefore, the PbS QDs 
layer here can be treated as an intrinsic layer in the P-I-N like 
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  1.     Introduction 

 Infrared (IR) photodetectors have attracted a great deal of interest 
due to their applications in surveillance, range fi nding, and bio-
medical imaging as well as semiconductor wafer inspection. [ 1–4 ]  
Compound semiconductors such as InGaAs, [ 5 ]  InSb, [ 6 ]  and InAs/
(GaIn)Sb superlattice [ 7 ]  are commonly used for IR photodetector 
applications. However, expensive epitaxial techniques are typi-
cally used to grow these semiconductor materials, thus limiting 
their applications to small area devices. Recently, organic and/or 
solution-processed colloidal inorganic quantum dot (QD) mate-
rials for photodetectors have received a lot of attention because of 
their compatibility with low-cost large-area manufacturing. 

 High gain p–n junction-like photodiodes using organic and/or 
colloidal QD materials as the sensitizer have been demonstrated 
in the past. [ 8–10 ]  The gain in these devices is mainly due to elec-
tron-trapped-induced charge injection at the organic/electrode 
interface. Further, most of these devices are primarily used in the 
visible wavelength range, and gain photodetectors for IR appli-
cations reported were mostly photoconductors with coplanar 
electrodes. [ 11 ]  While fi rst solution-processed PbS QDs Schottky 
junction gain photodiode in the IR wavelength (930 nm) was 
recently reported, the device showed a very small gain (<2). [ 12 ]  
In addition to gain, the dark current is another important 
device parameters to achieve high detectivities. [ 13–15 ]  In the 
past, we demonstrated vertically stacked P-I-N like PbS QDs IR 
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structure. To reduce the dark current, ZnO NCs with a large 
bandgap of 3.4 eV and a deep ionization potential of 7.6 eV are 
used as a hole blocking/electron transport layer (n-layer), [ 20–23 ]  
and a TAPC with a bandgap of 3.7 eV and a shallow lowest 
unoccupied molecular orbital (LUMO) energy of 1.8 eV is used 
as an electron blocking/hole transport layer (p-layer). 

    2.2.     Photodetector with Solution-Processed PbS Nanoscrystals 

  2.2.1.     Photodetector Characteristics 

 Figure  1 b shows the current–voltage ( I – V ) characteristics 
of a typically IR photodiode in the dark and under 1200-nm 

illumination with a power density of 165 µW cm –2 . The  I – V  
characteristics can be divided into two parts. At operating volt-
ages up to −3.6 V, the device operates as a normal photode-
tector, and the photocurrent increases with increasing voltage 
and saturates at a reverse voltage of −2 V. The saturation in 
photocurrent at about −2 V indicates that most photo-gener-
ated carriers are being extracted. At reverse bias voltages above 
−3.6 V, however, the photocurrent begins to increase rapidly 
with increasing voltage and fi nally increases by three orders of 
magnitude at −13 V while the dark current increases by about 
two orders of magnitude over the same voltage range. The ini-
tial saturation in dark current indicates that the carrier-blocking 
layers suppress effectively the injection of charge carriers from 
both electrodes. However, at reverse bias voltages beyond −4 V, 
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 Figure 1.    a) Schematic cross-section view of a gain PbS QD photodiode. b)  I – V  characteristics of a gain PbS QD photodiode under dark illumination 
and under illumination intensities of 165 µW cm –2 . c) External quantum effi ciencies (at 295 K) of PbS QD photodiodes as a function of applied bias 
with Ag and Al electrodes. d) EQE values of a gain PbS QD photodiode as function of wavelength under reverse bias (at 295 K). The gain is obtained 
up to 1500 nm wavelength at –12 V. e) Detectivity values of a gain PbS QD photodiode as function of wavelength under reverse bias (at 295 K). The 
detectivity of InGaAs photodiode is taken from the literature. [ 20 ] 
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the increase in dark current is due to carrier injection from the 
electrode and this point will be elaborated later. 

 The external quantum effi ciency (EQE) as a function of the 
applied voltage for the reference device with an Al electrode as well 
as the device with a Ag electrode is shown in Figure  1 c. The refer-
ence device with an Al anode operates as a normal photodetector 
and its EQE increases with the increasing voltage, then saturates 
at about 10% from −4 V up to −13 V. However, the EQE data 
for the device with a Ag anode can also be divided into two parts, 
similar to the  I – V  characteristics of the device. At voltages below 
−3.6 V, the EQE increases with increasing voltage and is satu-
rated at about 10%, indicating that the device behaves as a normal 
photodetector similar to the reference device an Al electrode. 
As the reverse bias voltage increases further, the EQE increases 
again at −3.6 V, exceeding 100% at −5.2 V, and fi nally reaching 
a value of 18 700% at −13 V. The EQE spectra of the gain device 
under different wavelengths are also shown in the Figure  1 d. The 
peak wavelength in the EQE spectra is 1200 nm, similar to the 
absorption spectrum of the PbS fi lm. At an applied bias voltage 
of −12 V, the maximum EQE at the peak wavelength of 1200 nm 
is 13 800% and a gain of 1 is obtained even at 1500 nm. The gain 
in photodetectors with a similar photodiode structure has been 
attributed to interfacial trap-induced charge injection and the gain 
mechanism will be discussed in detail later in this paper. [ 8–10 ]   

  2.2.2.     Analysis of the Photodetector Performance 

 In order to characterize performance of photodetectors, an 
important fi gure of merit in photodetectors is detectivity, 
 D * which is given by the following expression [ 24 ] 

        ( )= Δ* /
1/2

nD A f R i  (1) 

 where  A  is the area of the detector in cm 2 ,  Δf  is the electrical 
bandwidth in Hz,  R  is the corresponding responsivity in A/W, 
and  i  n  is the noise current in Å.  R  is the responsivity which is 
determined using the following equation

        υ
= × ⎛

⎝⎜
⎞
⎠⎟EQER

q

h
 (2)

 

 where  q  is the electronic charge,  h  is the Planck constant, and 
 υ  is the frequency of the incident photon. The noise current 
in the photodetector was measured using a Stanford Research 
SR830 lock-in amplifi er and a SR570 low noise preampli-
fi er. [ 11 ]  During the measurements, the lock-in frequency of the 
noise current was set to be 30 Hz. In order to minimize the 
noise, the device was biased with alkaline batteries. Measure-
ments were carried out in an electrically and optically shielded 
probe station. Figure  1 e shows the detectivity spectra under dif-
ferent applied voltages. The detectivity spectra are also similar 
to the absorption spectrum of the PbS fi lm, showing a peak 
wavelength of 1200 nm. At an applied voltage of –10 V, the 
detectivity is 2.6 × 10 13  Jones at a wavelength of 1200 nm and 
1.2 × 10 11  Jones at a wavelength of 1500 nm. The detectivity 
decreases with increasing the applied bias beyond −10 V due 
to a signifi cant increase of dark current. The detectivity value is 
even higher than that of a commercial InGaAs photodiode. [ 25 ]   

  2.2.3.     Gain Mechanism in Photodetector 

 Understanding of the gain mechanism is a key to control the 
device parameters. To determine the gain mechanism in our 
photodetectors, devices with a Ag electrode were fabricated with 
different thicknesses of the ZnO HBL and the TAPC EBL. While 
the gain threshold voltage, at which the EQE begins to take off 
after saturation, is not affected by the thicknesses of the ZnO 
HBL, it is a strong function of the thickness of the TAPC EBL 
as shown in  Figure    2  a. Specifi cally, the gain threshold voltage 
increases signifi cantly from –1.6 to –7.6 V with increasing 
thickness of the TAPC layer from 25 to 75 nm, respectively. It 
appears that the photocurrent gain is due to the TAPC layer. It 
is known that evaporation of Ag on organic materials results 
in penetration of Ag atoms leading to carrier traps. Here, we 
believe the gain is due to electron injection from the Ag elec-
trode by tunneling through the TAPC EBL in the presence of 
trapped charges under IR illumination. 

  It is known that OLEDs with TAPC as a hole transporting 
layer have a short lifetime due to chemical changes during 
operation and chemical degradation in TAPC is coming from 
the weak carbon–nitrogen and carbon–carbon bonds in the 
amine group and the bond dissociation results in formation of 
free radicals and hole traps. [ 26 ]  To prove the presence of trapped 
charges is due to the Ag layer, the following TAPC hole-only 
devices were fabricated: Device 1—ITO/TAPC (200 nm)/Al 
and Device 2—ITO/TAPC (50 nm)/Ag-doped TAPC (100 nm)/
TAPC (50 nm)/Al, with the corresponding  I – V  characteristics 
shown in Figure  2 b. In Device 1 with an Al anode, the current 
turn-on voltage is about −0.8 V, indicating a low hole injec-
tion barrier at the ITO/TAPC interface. Here, the hole current 
density increases rapidly from 3.4 × 10 −9  A cm –2  at −0.8 V to 
6.4 × 10 −5  A cm –2  at –1.75 V. In order to understand the role of 
Ag played in the TAPC layer, fi rst we tried to fabricate the device 
with the Ag anode: ITO/TAPC (200 nm) Ag –1 . However, this 
device shows a large dark current of about 1 × 10 −1  mA cm –2  
at a reverse bias of –0.5 V, indicating that the TAPC hole-only 
device is electrically shorted due to the penetration of Ag atoms, 
and this is a commonly known problem encountered in Ag 
evaporation. [ 27–30 ]  To alleviate this shorting problem, Device 
2 with a 10% Ag-doped TAPC sandwiched between the two 
undoped TAPC layers was fabricated. In this device, Al is used 
as the electrode. Based on the data from Device 1, we expect the 
trap density at the TAPC/Al interface should be low and elec-
tron injection from the Al electrode should be negligible. As 
shown in Figure  2 b, there is no signifi cant increase in current 
with a reverse voltage up to –1.75 V, indicating strong carrier 
trapping due to that Ag atoms in the TAPC layer. 

 To further verify the gain mechanism due to trap states gen-
erated by penetration of Ag atoms into the TAPC layer, the 
PbS IR photodiodes were fabricated with a Ag layer thickness 
varying from 0 to 100 nm. It should be noted that a 100-nm 
thick Al layer is deposited on top of the Ag layer to ensure good 
conductivity of the electrode for devices with a very thin Ag 
layer. Figure  2 c shows the gain as a function of Ag layer thick-
ness. It is apparent that the gain is a step function of the Ag 
layer thickness. Below a thickness of 20 nm, there is no gain 
in the detector. Above 20 nm, the detector gain jumps abruptly 
to about 50 and saturates at about 60 with increasing the Ag 
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layer thickness, indicating that a critical dosage is required to 
generate the carrier traps. Therefore, these results confi rm that 
penetration of Ag atoms onto the TAPC layer during the Ag 
evaporation generates hole traps in the TAPC EBL, leading to 
electron tunneling under the IR illumination. 

  Figure    3  a,b shows the schematic band diagrams illustrating the 
gain mechanism of our IR photodetectors. In spite of using PbS 
QDs with the narrow bandgap of 1.03 eV, the gain photodetector has 

a low dark current under reverse bias due to the presence of both 
the hole and electron-blocking layers as illustrated in Figure  3 a. 
Under IR illumination as illustrated in Figure  3 b, photo-gener-
ated charge carriers in the PbS QDs layer move along the poten-
tial gradient under reverse bias. While photo-generated electrons 
are easily swept away through the ZnO layers, photo-generated 
holes are captured at the trap sites due to the penetration of Ag 
atoms into the TAPC layer. Accumulation of trapped holes in the 
TAPC layer builds up a high electric fi eld at the TAPC/MoO 3  Ag –1  
interface and distorts the electron injection barriers of the TAPC 
EBL, resulting in electron tunneling through the barrier from the 
Ag electrode as illustrated in Figure  3 b. 

    2.2.4.     Power Dependence of the Photodetector Performance 

 To further characterize the devices, we further measured the 
illuminated IR power dependence of the device as shown 
in  Figure    4  a,b. The gain in the photodetector decreases rap-
idly with increasing the intensity of illumination. At low light 
intensities, most of the photo-generated holes are trapped at 
the TAPC Ag –1  interface and greatly enhances electron injec-
tion from the Ag electrode. As the light intensity increases, a 
smaller fraction of the photo-generated holes are trapped and 
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 Figure 2.    a) The change of gain threshold voltage according to the ZnO 
and TAPC thickness. b)  I – V  characteristics of three hole-only devices: (1) 
ITO/TAPC/Al and (2) ITO/TAPC/ Ag:TAPC/TAPC/Al devices. c) The gain 
as a function of Ag layer thickness.

 Figure 3.    Schematic energy band diagrams of a gain PbS QD photodiode 
a) in the dark and b) in the IR illumination.
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hence the enhancement in electron injection from the Ag elec-
trode decreases, resulting in a smaller gain with increasing 
light intensity. With an IR intensity higher than 300 µW cm –2 , 
therefore, the detectivity and EQE at –10 V are saturated to 
2 × 10 13  Jones and 5000%, respectively. The highest detec-
tivity of 7.0 × 10 13  Jones and the highest EQE of 16 000% were 
obtained at an intensity of 0.5 µW cm –2 . While there are several 
reports in visible and ultraviolet photodetectors with similar 
gain dependence on the irradiated light power densities, [ 31 ]  this 
is a fi rst report on the IR photodiodes with a high responsivity 
(>5000%) over a wide range of light intensities (<550 µW cm –2 ). 

    2.2.5.     Response Time 

 Another important parameter in the photodetectors is the 
response time.  Figure    5   shows the transient photocurrent of the 
gain photodetector under IR illumination. We defi ne the rise 
time to be the time it takes the photocurrent to reach 63.2% of 
the saturated photocurrent from the dark current at the rising 
edge and the fall time to be the time it takes to fall to 36.8% 

of the saturated photocurrent. Here, we obtain a rise time of 
3.0 ± 0.2 ms and a fall time of 8.0 ± 0.4 ms. The fall time is 
slower than the rise time, indicating that the release time of 
the trapped holes is slower than the trapping time of the photo-
generated holes. Our gain photodiodes have suffi cient speed for 
imaging applications with more than 10× higher detectivity and 
100× higher responsivity compared with commercially available 
IR photodetectors. [ 32,33 ]  

      3.     Conclusion 

 The solution-processed PbS QD photodiode are fabricated 
with an IR sensitivity up to 1500 nm. At a peak wavelength 
of 1200 nm, the photodetector has a gain of 187, a detectivity 
of 7.0 × 10 13  Jones, and a response time of 3.0 ± 0.2 ms. The 
gain in the photodetector is due to the enhancement of elec-
tron injection through the TAPC EBL under IR illumination, 
resulting from hole traps generated by Ag evaporation onto 
the TAPC layer. Due to the higher detectivity than commercial 
InGaAs photodetector, the suffi cient response time for imaging 
applications, and the potentially low-cost fabrication process, 
this kind of IR photodetectors is promising for low-cost IR 
sensing applications.  

  4.     Experimental Section 
  Synthesis of ZnO Nanocrystals : The synthesis has been previously 

published. [ 34,35 ]  For the hole-blocking layer, we used ZnO NCs ranging 
from 3 to 5 nm in size, which were synthesized by dropwise addition of 
a stoichiometric amount of tetramethylammonium hydroxide (TMAH) 
(0.55  M ) to 30 mL of 0.1  M  zinc acetate dihydrate dissolved in dimethyl 
sulfoxide (DMSO) under continuous stirring. After precipitation and 
washing, the nanoparticles were dissolved in ethanol and stored under 
ambient conditions. All solutions were fi ltered with a 0.45 µm fi lter. 

  Synthesis of PbS Nanocrystals : The synthesis has been previously 
published. [ 17 ]  In a typical reaction, 0.888 g of PbO (Sigma-Aldrich) was 
dissolved with 6 mmol of oleic acid in a three-necked fl ask under Ar fl ow 
with 50 mL of octadecene (ODE). The solution was heated and held at 
130 °C. 360 µL of hexmethyldisathiane ((TMS) 2 S) (Sigma-Aldrich) was 
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 Figure 4.    Light-intensity dependence of the a) EQE and b) detectivity with 
a constant bias 10 V applied.

 Figure 5.    Transient photo response of a gain PbS QD photodiode with 
28 gain.
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dissolved in 5 mL of ODE and injected into three necked fl asks. The 
reaction continued for 5 min. To terminate the reaction, cold toluene 
was injected into the reaction mixture. The resulting nanocrystals were 
subsequently washed via precipitation with a polar solvent such as 
acetone and redispersion in toluene, and the process was repeated 3×. 

  Device Fabrication : Devices were fabricated on patterned ITO 
substrates with a sheet resistance of less than 20 Ω –2 . The ITO 
substrates were fi rst cleaned with acetone and isopropanol in an 
ultrasonic cleaner and subsequently rinsed with deionized water, blown 
dry with N 2  gas, and treated with UV ozone. Following this, a 60-nm 
layer of ZnO nanocrystals was spin-coated on top of the ITO substrate 
and then annealed at 90 °C for 15 min in the ambient. The substrate 
was subsequently introduced into a nitrogen glovebox. The cross linked 
PbS QDs thin fi lms were fabricated with a sequential layer by layer 
spin casting method. Multiple PbS QDs layer was then treated with a 
1,3-benzenedithiol (BDT) following the same procedure described in our 
previous work [ 14,17 ]  to improve electronic coupling between individual 
nanocrystals. This treatment renders the PbS fi lm insoluble. 1,1-Bis[(di-
4-tolylamino) phenyl]cyclohexane (TAPC) and Ag/Al layers in the devices 
were vacuum deposited at a pressure of 1 × 10 −6  Torr. The deposition 
rates were 0.9 Å s –1  and 1.0 Å s –1  for organic materials and Ag/Al 
electrodes, respectively. The area of the device is 0.04 cm 2 . 

  Device Characterization : All characterization and noise measurements 
were performed at room temperature. Current–voltage ( J – V ) 
characterization was measured with a Keithley 4200 semiconductor 
parameter analyzer system connected to a calibrated Si and Ge 
photodiode (Newport) for photocurrent measurement. EQE and 
responsivity measurements were conducted using an in-house setup 
consisting of a Xenon DC arc lamp, an ORIEL 74125 monochromator, a 
Keithley 428 current amplifi er, an SR 540 chopper system, and an SR830 
DSP lock-in amplifi er from SRS. The intensity of the incident irradiation 
was varied by using a set of neutral density fi lters and a diffuser.  
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