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Communication

Highly Responsive and Thermally Reliable Near-Infrared 
Organic Photodiodes Utilizing Naphthalocyanine 
Molecules Tuned with Axial Ligands

Dong-Seok Leem,* Kwang-Hee Lee, Ning Li, Bum Woo Park, Taejin Choi, Takkyun Ro, 
Oh Kyu Kwon, Young-Nam Kwon, Tse Nga Ng, and Sunghan Kim

DOI: 10.1002/adom.202001682

Recently, interest in OPDs is moving 
toward extending the detection range, that 
is, near-infrared (NIR), in order to support 
a variety of new applications like biomet-
rics, security, artificial visions, biomedical 
imaging, autonomous vehicles, etc.[7–12] 
To realize these applications, achieving 
high-performance NIR OPDs is in great 
demand. Relative to visible absorbing 
molecules, NIR organic molecules pose 
additional challenges in device perfor-
mance, that is, the efficiency loss due to 
the reduction of energy level offsets for 
exciton dissociation and the high dark cur-
rent owing to the decline of barrier heights 
for charge blocking under reverse bias.[7,9] 
Nonetheless, recent efforts have led to sig-
nificant boosts in the performance of NIR 
OPDs using either polymers[10–13] or small 
molecule materials.[14–19] For instance, 
Xiong et  al. investigated solution-

processed polymer NIR OPDs with PMDPP3T:PC61BM bulk 
heterojunction (BHJ), exhibiting a low dark current density 
(Jd) of 3.0 nA cm−2 at −0.2 V and a high external quantum effi-
ciency (EQE) of 48% at 850 nm (a responsivity of 0.37 A W−1) 
for broad sensing applications.[11] A further improvement 
on the device performance has been recently made by intro-
ducing a very thick active layer (≈300 nm) with a non-fullerene 
acceptor (PTB7-Th:CO1-4Cl), achieving a high EQE of 66% at 
960 nm (0.5 A W−1), a low Jd of 7 nA cm−2 at −2 V, and a detec-
tivity around 1012 Jones.[12] On the other hand, small molecule-
based OPDs have also shown promising results, particularly 
featuring selective response to NIR wavelengths, which are 
mostly based on porphyrin,[14] squaraine,[15] and phthalocyanine 
(Pc).[16–19] Among the molecules, Pc-based NIR photodetectors 
have recently revealed the outstanding device performance. For 
example, the OPD with NIR-selective chloroindum Pc in the 
active layer resulted in a high EQE of 80% at 705  nm, a low 
Jd of 10 nA cm−2, and a detectivity over 1012 Jones.[17] The Pc-
based NIR OPDs have been further developed by utilizing chlo-
roaluminum Pc. Lee et al. demonstrated a high EQE of 74.6% 
at 730 nm (0.439 A W−1), a very low Jd of 1.15 nA cm−2 at −2 V 
bias, and a high detectivity over 1013 Jones at 0 V bias,[19] indica-
tive of the effectiveness of organic small molecules as potential 
NIR photodetector applications. However, these state-of-the-art  
results still have limited peak responses below 750  nm. To 
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The optimized photodiode by varying the axial ligand in the SiNc molecules 
exhibits a high external quantum efficiency of 76.6% at 795 nm with narrow 
full width at half maximum of 80 nm, a very low dark current of 1.07 nA cm−2 
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Since the initial feasibility studies on organic photodiodes 
(OPDs) for image sensor applications,[1,2] tremendous research 
progress has been made and full-color image sensors have been 
demonstrated with OPDs on metal-oxide active-matrix back-
planes. The imagers utilized panchromatic organic molecules 
with additional color filters or wavelength selective absorption 
layers.[3–5] In addition, other applications such as X-ray imagers, 
health monitoring sensors, wearable electronics, etc. have been 
implemented using OPDs, indicative of their great potential for 
next generation optoelectronic devices.[5–7]
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advance NIR OPDs to further extended wavelengths and thereby 
enable practical applications, further research is needed to  
examine NIR organic materials and device system so as  
to increase photo-efficiencies as well as to reach extremely low 
dark characteristics under bias.

Herein, we report high-performance NIR photodiodes 
adopting naphthalocyanine (Nc)-based small molecule as a 
donor material in the BHJ layer, which is known to have an 
extended NIR absorption compared to other Pc molecules.[20–22] 
Note that although Nc molecules have the advantage of the 
extended NIR absorption property, limited works for NIR 
OPDs have been made so far, exhibiting a low detectivity of  
1010 Jones.[20] In this study, we have selected silicon naphthalo-
cyanine (SiNc) small molecule for the NIR OPD characteriza-
tion. Although the optical properties of the SiNc molecule are 
promising, that is, high absorption coefficient in the NIR region 
and very narrow full width at half maximum (FWHM),[22] a 
feasibility study on the fabrication of NIR OPDs has not been 
done. We investigated the structure-function relationship of 
SiNc OPDs as the axial ligands are varied; with optimization, 
the OPDs demonstrate detectivity up to 1013 Jones, which to the 
best of our knowledge are among the highest values[10,12,18,19] of 
organic NIR detectors reported to date. In addition, the devices 
show narrowband absorption in the NIR wavelength and trans-
parency in the visible wavelength that will benefit integration 
with visible photodetectors or in augmented reality eyewear. 
The SiNc-based OPDs are characterized to determine metrics 
including temporal response, linear dynamic range (LDR), etc., 

and shown to be stable in high humidity for over a month and 
in a remarkably wide temperature range (−55 to 125 °C).
Figure 1a  shows the chemical structures of SiNc molecules 

used as donors in this study. In particular, three different alkyl 
chain lengths—propyl, butyl, and hexyl—are introduced as 
axial ligands in order to observe the influence on the device 
property. The three variants are denoted as SiNc-C3, SiNc-C4, 
and SiNc-C6, respectively. The absorption spectra of donor solu-
tions and their corresponding films are shown in Figure  1b,c. 
The energy levels of these materials are included in the inset of 
Figure 1c. All SiNc molecules exhibit very narrow NIR absorp-
tion profiles in dichloromethane solutions (λ = 770 nm), while 
the films are slightly red-shifted with widened absorption 
spectra depending on the axial ligands (absorption coefficients: 
≥  3.3 × 105 cm−1 at λmax = 805–815 nm, FWHM: <  50 nm). It 
can be observed that at vibronic shoulder absorptions between 
825 and 835 nm, the SiNc-C3 and -C4 are more red-shifted than 
-C6, likely due to a higher degree of intermolecular interac-
tion between the molecules with shorter alkyl chains.[22–24] The 
computed dimer configurations in Figure 1d–f exhibit different 
intermolecular spacings of 3.50 Å (SiNc-C3), 3.96 Å (SiNc-C4), 
and 5.70 Å (SiNc-C6), verifying that short ligands tend to make 
close-packed dimers.

To evaluate material properties, OPDs were fabricated on 
ITO-coated glass by sequentially depositing a hole extraction 
layer of a triphenylaminederivative,[25] a BHJ absorbing layer 
comprised of SiNc and fullerene C60, an electron extraction 
layer of C60, and an ITO top electrode (see Figure 2a,b and 
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Figure 1.  a) Chemical structures of the SiNc donor materials with different axial ligands. b) Normalized absorption spectra of the SiNc dissolved in 
dichloromethane. c) Absorption coefficient of the SiNc pristine films on glass. The inset shows energy level diagrams of the molecules. d–f) Dimer 
configurations of the SiNc molecules calculated by the Materials Studio package.
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Experimental Section for details). Due to high transparency 
of both ITO electrodes and the selective NIR absorption of the 
BHJ layer, OPDs are transparent to visible light (40–67% in the 
wavelength of 500–700 nm) as shown in Figure S1, Supporting 
Information.

Figure 2c shows the EQE of optimized OPDs measured at a 
reverse bias of −3 V bearing the SiNc donor (p) materials with 
different axial ligands and the C60 acceptor (n) in p/n ratios of 
0.85–1.0 (see Table S1, Supporting Information, for the detailed 
blend composition). All OPDs reveal highly selective responses 
to NIR light with EQEs greater than 63% at wavelengths near 
800  nm. Specifically, the maximum EQEs of 63% at 800  nm 
(R ≈0.41 A W−1), 68.5% at 800 nm (R ≈0.44 A W−1), and 76.6% 
at 795 nm (R ≈0.49 A W−1) are obtained for OPDs with SiNc-C3, 
-C4, and -C6 as donor materials in the BHJ blend, respectively. 
In particular, the SiNc-C6 device displays the narrowest FWHM 
of ≈80  nm, which can be beneficial for filter-free narrowband 
sensing applications.[6] We note that all absorption properties 
of OPDs are marginally blue-shifted from the peak absorption 
of 805–815 nm in pristine films (Figure  1c) to 795–805 nm in 
blend films (Figure 2c and Figure S2, Supporting Information), 
implying that direct interactions between donor molecules 
are slightly mitigated by mixing them with the C60 acceptor in 
the BHJ layer. Nonetheless, we still observed a change in the 
blend absorption as a function of the ligand variant of the SiNc 

molecule (see Figure S2, Supporting Information). This result 
confirms the dependence of intermolecular interactions on the 
axial ligand of the donor material, that is, as the intermolecular 
interaction weakens in the SiNc with longer alkyl chains, the 
blue-shift in absorption increases.

The bias-dependent spectral response curves of the OPDs are 
plotted in Figure  2d. The device with SiNc-C6 exhibits higher 
EQE values compared to the devices with SiNc-C3 and -C4 
over the entire bias conditions. A maximum responsivity (R) of 
0.57 A W−1 (EQE of 89%) at a reverse bias of −10 V is reached in 
the device with SiNc-C6. Figure 2e,f display EQE contour plots 
of two representative devices with SiNc-C6 and -C4, as the p/n 
ratio and the total thickness of the BHJ layer are varied. The 
efficiencies of the SiNc-C6 device have decreased by increasing 
the BHJ thickness due to the reduced electric field, but the peak 
EQEs are still maintained to be above 66% (Figure  2e) over a 
wide composition (see Figure S3, Supporting Information, for 
detailed EQE spectra). Whereas the efficiencies of the SiNc-C4 
device are considerably deteriorated when either the donor-
acceptor ratio changes or BHJ thickness increases, resulting in 
peak EQEs lower than 40% (Figure 2f).

Analysis of the internal quantum efficiency (IQE) pro-
vides insight into the dependence of device characteristics on 
the axial ligand of the SiNc molecules. The IQE is described 
by the expression EQE = ηabs × IQE.[26] The maximum device 
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Figure 2.  a) Device structure and b) energy level diagram of the SiNc OPDs. c) EQE of the OPDs measured at –3 V bias. d) Bias-dependent responsivity 
of OPDs. EQE contour plots of the OPDs with e) SiNc-C6 donor and f) SiNc-C4 donor in the BHJs.
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absorption efficiency (ηabs) was measured to be as high as 
90%, 93.1%, and 91.7% for OPDs with SiNc-C3, -C4, and -C6, 
respectively. Considering that there was no reflective electrode 
in the OPDs, the high ηabs (greater than 90%) are remarkable 
and attributed to high absorption coefficients of SiNc mole-
cules. Based on the measured EQE and ηabs, the IQE was then 
estimated to be 70%, 73.6%, and 83.5% for the corresponding 
OPDs at −3 V reverse bias, with the highest IQE for the SiNc-C6 
device.

Measurement of the transit time as obtained via transient 
photocurrent analysis[26] in Figure S4, Supporting Informa-
tion, has determined the mobility to be 8 × 10−5 cm2 V−1 s−1 for 
the device with SiNc-C6, and decreasing values of 6 × 10−5 and 
5 × 10−5 cm2 V−1 s−1 for OPDs with SiNc-C4 and -C3, respectively. 
Thus, we ascribe that superior EQE of the SiNc-C6 is mainly 
attributed to higher IQE (i.e., higher probability of the charge 
separation and collection) accompanied with the enhanced 
charge carrier mobility in the BHJ layer.[23,26] A similar result 
was reported by Zhang et al.,[23] showing that the introduction 
of bulky substituents in the molecular backbone weakened the 
π–π interaction between molecules in the BHJ layer and then 
suppressed the formation of large phase-separated domains 
(aggregation), which resulted in the enhanced charge trans-
port property and the consequent improvement in the overall 
efficiency in the photodiode. We have further investigated the 
axial ligand effects on the charge transport of the SiNc mole-
cule by simulating the PN dimer configuration. The module 
Blends was used to predict the mixing energy and the interac-
tion parameters (χ) based on the Flory–Huggins theory.[27,28] 
The calculated χ parameters were found to increase with the 
reduction in the chain length. For instance, the SiNc-C3, -C4, 
and -C6 exhibit χ values of −15.3, −23.5, and −26.0, respectively. 
Since the lower number indicates a more homogeneous mixing 
between two molecules (SiNc and C60), it is highly likely that 
the SiNc-C6 can form more homogeneous blend for efficient 
charge dissociation, whereas the SiNc-C3 with the relatively 
higher χ value tends to make the blend system de-mixing 
with phase separation (aggregation), which is unfavorable 
for the efficient charge transporting property.[23,28,29] On the 
other hand, in terms of the energy levels shown in the inset of  
Figures  1c and  2b, employing the hexyl ligand in the SiNc 
pushes the lowest unoccupied molecular orbital (LUMO) level 
up and thus increases the donor–acceptor LUMO offset, that is, 
the driving force for efficient exciton dissociation.[26]

Figure 3a presents the current density versus voltage (J-V) 
characteristics of the OPDs measured in the dark. The SiNc-C6 
and -C4 devices exhibit remarkably low Jd values of 1.07 × 10−9 
and 1.98 × 10−9 A cm−2 at a reverse bias of −3  V, respectively. 
Note that devices without buffer layers revealed an order of 
magnitude higher dark current as shown in Figure S5, Sup-
porting Information. For instance, the SiNc-C6 device without 
buffer layers exhibits 3.65 × 10−8 A cm−2 at −3  V. Introducing 
a TPD hole buffer results in a slight reduction in the dark J-V 
(9.52 × 10−9 A cm−2 at −3 V), indicative of the effective role as 
the electron blocking layer. However, this value is still higher 
than that (1.07 × 10−9 A cm−2) obtained from the optimized 
SiNc-C6 device with both hole (TPD) and electron (C60) buffers. 
Therefore, low Jd values of the optimized device are attributed 
to both charge blocking layers inserted at the interface between 

the BHJ and the bottom/top electrodes[7,25] as schematically 
shown in Figure  2b. On the other hand, the SiNc-C3 device 
shows a relatively high Jd value of 2.59 × 10−8 A cm−2 at −3 V 
bias, despite that it has the same device geometry including 
the same active layer thickness as the others. Morphological 
changes are one possible parameter affecting Jd, but no sig-
nificant differences were seen among the SiNc OPDs with dif-
ferent axial ligands in atomic force microscopy as shown in 
Figure S6, Supporting Information. Hence, there are additional 
governing parameters on the dark current such as bulk thermal 
generation,[7,8] trap-mediated recombination,[7] etc. that might 
have adversely affected the Jd in the SiNc-C3 device.

The temperature dependence of the Jd of OPDs is depicted in 
Figure 3b. The devices exhibit an order of magnitude increase 
in the Jd from 0 to 63°C,  which is comparable to the visible 
OPDs with larger bandgaps and even superior to the conven-
tional silicon PDs,[30] indicative of high thermal stability in dark 
characteristics of SiNc-based NIR OPDs used in this study. 
The dark current thermal activation energy (Ea) determined 
from the slope of the Arrhenius plots is shown in Figure S7, 
Supporting Information. Note that the Ea values are an addi-
tional monitoring factor to estimate the influence of bulk 
thermal generation.[31,32] The Ea values are quite low and very 
similar (0.27–0.34  eV), and still far below the optical bandgap 
(Figure 1c), suggesting that the bulk thermal generation is not a 
major contributor to the dark current within SiNc-based OPDs.

While we have measured very low Jd values in the SiNc-
OPDs, it is crucial to accurately determine the total noise char-
acteristics of OPDs.[6–8,33,34] Figure  3c exhibits the total noise 
currents (in) of OPDs measured as a function of bandwidth in 
relation with in = [ishot2 + ithermal2 + i1/f2+ …]1/2, where i1/f is the 
flicker noise. All OPDs show the frequency-dependent flicker 
noise component, but OPDs with SiNc-C6 and -C4 still show 
lower noise values than the SiNc-C3 device in the whole fre-
quency range. A widely used figure of merit to represent the 
signal-to-noise ratio is the specific detectivity (D*), which was 
calculated by

D
R A B

in
=∗ 	 (1)

where A is the detecting area of the device, B is the bandwidth 
and R is the responsivity. Note that for the calculation of D*, 
the noise data measured at 45  Hz were selected, which is 
the same frequency used for the R measurement. The calcu-
lated D* values of OPDs at −3 V bias are shown in Figure 3d. 
The devices with SiNc-C6 and -C4 have similarly high D* of 
5.66 × 1012 cm Hz0.5 W−1 at 795 nm and 5.88 × 1012 cm Hz0.5 W−1 
at 800 nm, respectively, whereas the SiNc-C3 device show a D*of 
3.39 × 1012 cm Hz0.5 W−1 at 800 nm due to lower R and higher 
noise current than the other devices. The bias-dependent noise 
currents of OPDs are plotted in Figure 3e. The noise currents of  
all devices decrease with reducing the applied reverse bias, and 
a minimum noise level of 2.29 × 10−14 A Hz−0.5 at a reverse 
bias of −1  V was measured in the SiNc-C6 device. Since this 
device shows a high R of 0.32 A W−1 (EQE of 49.3%) at −1 V 
bias (see Figure  2d), it follows that the D*value was calcu-
lated to reach 1.85 × 1013  cm Hz0.5 W−1 at 795  nm as shown 
in Figure 3f. To the best of our knowledge, this is among the 
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highest D* values seen in NIR OPDs reported to date.[7,10,12,18,19] 
All measurements are further summarized in Table S1, Sup-
porting Information.

As the response speed in a photodetector is crucial to many 
applications, the temporal characteristics of OPDs are examined 
under microsecond pulses of NIR light illumination with the 
intensity of 1 mW cm−2, as shown in Figure 4a–c. The response 
speed of OPDs becomes faster with the longer axial ligand in 
the SiNc molecule, which follows the same trend as the effi-
ciency characteristics and the mobility data in Figure  2c and 
Figure S4, Supporting Information. The rise time (τrise) is deter-
mined from the time interval for the photoresponse to rise from 
10 to 90% of the steady-state value[35] and is plotted against the 
light intensity as presented in Figure 4d. It can be clearly seen 
that, among the three devices, the OPD with the longest alkyl 
chain (e.g., SiNc-C6) exhibits the shortest τrise, independent of 
the light intensity. On the other hand, OPDs with SiNc-C3 and 
-C4 exhibit variations in τrise depending on the light intensity. 
This result suggests that the OPD with SiNc-C6 is governed by 
trap-free charge carrier dynamics, while the OPDs with SiNc-C3 
and -C4 are likely controlled by charge trapping dynamics.[36] 
Note that the frequency response measurement on the OPD 
with SiNc-C6 also exhibits the fastest −3 dB cut off frequency 
(f−3  dB)  of 94.2  kHz, which is pronounced than the OPD with 
SiNc-C4 (f−3 dB ≈54.8 kHz) and -C3 (f−3 dB ≈13.1 kHz) as shown 
in Figure S8, Supporting Information.

In addition, we have examined the temporal response of 
OPDs with high donor concentrations in the blend system. 
As observed in Figure S9a, Supporting Information, it is inter-
esting to note that the device with a high concentration of 
SiNc-C6 in the blend such as p/n ratio of 2 shows little change 
in the photoresponse characteristics compared to the reference 
device. For instance, the reference and the high donor concen-
tration devices exhibit τrise of 12 and 15 µs, respectively, under 
the light intensity of 0.1 mW cm−2, meaning that the increase of 
SiNc-C6 molecules in the blend system makes little difference 
in the charge carrier dynamics and thus the device efficiency 
remains almost unchanged as shown in Figure 2e. However, for 
the SiNc-C4 device, the reference and the high donor concen-
tration diodes display τrise of 22 and 38 µs in Figure S9b, Sup-
porting Information, indicative of changes in the charge carrier 
dynamics attributable to the traps. Accordingly, this behavior 
seems to evoke a loss of efficiency when the SiNc-C4 donor con-
centration increases in the blend as shown in Figure 2f.

While the response speed of SiNc-based OPDs becomes 
faster by introducing a long axial ligand (-C6) in the SiNc mole
cule, the τrise is still marginally slower than a conventional 
Si photodetector (see Figure S9a, Supporting Information). 
Therefore, we have further evaluated the response character-
istics under the millisecond operation condition, that is the 
typical frame rates used in current imaging applications.[3,7] 
It was revealed that the SiNc-C6 device exhibits a very similar 
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photoresponse characteristic comparable to the Si detector 
when operating under 500 frames per seconds (fps) as dis-
played in Figure S10, Supporting Information. This indicates 
that our OPD is sufficiently adjustable to imaging applications 
utilizing the typical frame rates of 30–120 fps.

The influence of trap states on charge carrier dynamics is 
indicated by the logarithmic dependence of the open circuit 
voltage at low light intensities[37] as shown in Figure  4e. Both 
devices with SiNc-C3 and -C4 exhibit relatively high slopes (S) 
in the range of 3.29–2.94 kT q−1, indicating that the trap-assisted 
recombination takes place in this blend system. On the other 
hand, the SiNc-C6 device shows a significantly reduced S value 
of 1.32 kT q−1, which implies that the bimolecular recombina-
tion becomes dominant over trap-assisted recombination.[37] 
As depicted in Figure  4f, the density of states as measured 
by electrochemical impedance spectroscopy clearly shows the 
presence of deep traps in the blend systems with -C3 and -C4 
axial ligands of the donor material. As such, we confirm that 
charge traps in the blend system of the OPD have led to the 
delay in the response time of OPDs and the associated decrease 
in the device efficiency. Moreover, we interpret that a high den-
sity of deep trap states (0.5–0.6 eV) in the SiNc-C3 may act as 
one plausible reason contributing to the high dark current (see 
Figure  3a) via trap-mediated recombination.[7,31] However, the 
exact mechanism needs to be further investigated.

We have evaluated the linearity of the photocurrents, namely, 
the LDR[25] by using LDR = 20 log Jph*/Jd, where Jph* is measured  

at −3  V bias under the light intensity of 1  mW cm−2. As pre-
sented in Figure  4g and Figure S11, Supporting Information, 
the photocurrent densities of all devices increase linearly with 
the NIR light intensity. The SiNc-C3 device shows a LDR of 
83 dB, whereas OPDs with SiNc-C4 and -C6 reveal considerably 
enhanced LDR values of 106 and 112 dB, respectively, attributed 
to the reduced Jd.

Finally, to assess the reliability of SiNc-based OPDs, we have 
subjected the devices to temperature-humidity tests as well as 
thermal shock tests. Note that the thin film encapsulation was 
introduced in reliability test samples, which is more practical 
for use in sensor integration (see Experimental Section). The 
representative device of SiNc-C6 (Blend p/n ratio 0.85, 220 nm) 
shows a remarkably high stability in 85  °C and 85% relative 
humidity as displayed in Figure 5a. It is interesting to note 
that the device after long-term storage shows the improved 
performance compared to the initial value. We speculate that 
this behavior is mainly associated with the thermal annealing 
effect on the device at 85  °C. The devices were periodically 
taken out of the humidity-temperature chamber and measured 
in ambient in order to monitor the change of the device per-
formance. Thus, the repeated heating and cooling procedures 
may cause the post-annealing effect on the sample during 
the stability monitoring for 1000 h. Also shown in Figure  5b,  
the SiNc-C6 OPD (Blend p/n ratio 0.85, 200 nm) maintains the 
same device performance under harsh conditions like repeated 
cycling between −55 and 125  °C, showing that SiNc-based 
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photodiodes are thermally and environmentally stable with 
standard encapsulation.

In conclusion, we have demonstrated high-performance 
organic NIR photodiodes comprising SiNc small molecules 
with three different axial ligands. The optimized photodiode 
possessing the SiNc molecule with a relatively long axial ligand 
(SiNc-C6) has revealed a state-of-the-art EQE of 76.6% at 795 nm 
and a very low Jd of 1.07 nA cm−2 at a reverse bias of −3 V. The 
device performance has slightly decreased with reduced alkyl 
chain lengths in the SiNc molecule, mainly attributable to the 
loss of IQE as well as the charge carrier mobility from trap 
states. Additional noise measurements and the estimation of 
the device detectivity showed a high D* value of 5.66 × 1012 cm 
Hz0.5 W−1 under a reverse bias of −3  V. Further increase of 
D* to 1.85 × 1013  cm Hz0.5 W−1 is obtained by decreasing the 
applied bias to −1 V, owing to the reduced noise current, albeit 
at the slight expense of the responsivity (R of 0.32 A W−1, EQE 
of 49.3%). Further analyses on the photoresponse speed and 
the reliability tests have proven competitive performance com-
pared to the silicon detector, and the OPDs offer an additional 
advantage that they are transparent in the visible spectrum. It is 
highly likely that the developed SiNc-based OPDs can be appli-
cable to a wide variety of NIR sensor platforms and facilitate 
novel applications.

Experimental Section
Materials and Devices Fabrication: Silicon 2,3-naphthalocyanine 

bis(tripropylsilyloxide) and bis(tributylsilyloxide) were synthesized 
according to the literature[22] followed by sublimation. Silicon 
2,3-naphthalocyanine bis(trihexylsilyloxide) was purchased from Sigma−
Aldrich. The OPDs were fabricated on ITO coated glass substrate 
by sequentially depositing a 5  nm thick triphenylamine derivative as 
a hole extraction layer, a BHJ absorption layer consisting of SiNc and 
fullerene C60, and a 30 nm thick C60 as an electron extraction layer. The 
ITO top-electrode (≈10 nm, sheet resistance of 160–165 Ohm sq−1) was 
deposited using a customized facing target RF sputtering system at a 
working pressure of 3 mTorr and a deposition rate of 0.06–0.07 nm s−1. 
A 50  nm thick atomic-layer-deposited AlOx layer was introduced on 
top of the OPD as an anti-reflection coating and then the device was 
finally encapsulated with glass cover. For the reliability test, the thin film 

encapsulation consisting of a 100 nm thick AlOx layer and a 270 nm thick 
SiON layer was applied to the device instead of the glass encapsulation. 
All organic layers were thermally evaporated at 10−7 Torr. The pixel size, 
defined by the overlap of the two electrodes, was 0.04 cm2.

Characterization and Measurements: Dimer configurations of SiNc 
molecules were calculated by using the module Polymorph in the 
Materials Studio package. The absorption spectra of the organic 
solutions and films were measured by a UV–VIS–NIR spectrophotometer 
(Shimadzu, UV-3600). The HOMO level of the organic film was 
measured with an AC-3 photoelectron spectrophotometer (Riken Keiki) 
and the LUMO level was then determined by means of the optical band 
gap obtained from the edge of the absorption spectrum. The current 
density-voltage characteristics of the devices were measured by a 
Keithley K4200 parameter analyzer. The photocurrent characteristics for 
the LDR were evaluated under illumination by a NIR LED (λ = 810 nm) 
with different light intensities in the range of 0.0008 – 1.0 mW cm−2. The 
EQE was measured using a setup illuminated by monochromatic light 
generated by an ozone-free Xenon lamp with a chopper frequency of 
45 Hz. The monochromatic light intensity was calibrated using a silicon 
photodiode (Hamamatsu, S1337). The photodiode noise spectral density 
was recorded by a power spectrum analyzer (N9020A) connected to 
the device through a preamplifier (SRS 570). For transient photocurrent 
measurements, a 520 nm pulsed laser with < 90 ns pulse width was used 
as the light source. The intensity of the pulsed laser was < 20 mW cm−2 
to avoid space-charge effects. Two 1.5  V batteries connected in series 
with a potentiometer were used to apply a variable external bias on the 
photodiode. The applied voltage on the device was 2  V. The current 
from the biased device was transferred to voltage with a load resistor 
of 400 Ω and passed into the preamplifier and then recorded by an 
oscilloscope. Electrochemical impedance spectroscopy was measured 
with a potentiostat (Bio-Logic SP200) in the dark in the frequency 
range 2  Hz–2  MHz. The frequency response was evaluated using the 
measurement setup consisting of a 500-MHz bandwidth oscilloscope 
(LeCroy Wavejet 352A), a function generator (LeCroy WaveStation 2012), 
and a green laser diode (λ = 553 nm, 1 mW cm−2).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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