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1. Introduction
An interesting alternative to all-organic 
optoelectronic devices is a hybrid device 
comprising both organic and inorganic 
materials in a heterojunction, in which 
the advantageous properties of both types 
of material can be combined. In par-
ticular, such hybrid heterojunctions offer 
the possibility of combining visible-light 
absorbing organic semiconductors, which 
tend to have narrow-bandwidth absorp-
tion spectra that can be spectrally tuned to 
suit specific applications, with high dielec-
tric constant crystalline inorganic semi-
conductors.[1,2] This pairing is of specific 
interest because the high dielectric per-
mittivity and crystallinity of the inorganic 
phase are thought to be beneficial for effi-
cient dissociation of photoexcited excitons 
at the interface, and hence allow for the 
fabrication of devices with high charge 
photogeneration efficiency in response to 
visible light.[3–7] It has been suggested that 

Hybrid devices based on a heterojunction between inorganic and organic semi-
conductors have offered a means to combine the advantages of both classes 
of materials in optoelectronic devices, but, in practice, the performance of such 
devices has often been disappointing. Here, it is demonstrated that charge 
generation in hybrid inorganic–organic heterojunctions consisting of copper 
thiocyanate (CuSCN) and a variety of molecular acceptors (ITIC, IT-4F, Y6, 
PC70BM, C70, C60) proceeds via emissive charge-transfer (CT) states analogous 
to those found at all-organic heterojunctions. Importantly, contrary to what has 
been observed at previous organic–inorganic heterojunctions, the dissociation 
of the CT-exciton and subsequent charge separation is efficient, allowing the 
fabrication of planar photovoltaic devices with very low non-radiative voltage 
losses (0.21 ±  0.02 V). It is shown that such low non-radiative recombination 
enables the fabrication of simple and cost-effective near-IR (NIR) detectors with 
extremely low dark current (4 pA cm−2) and noise spectral density (3 fA Hz−1/2) 
at no external bias, leading to specific detectivities at NIR wavelengths of just 
under 1013 Jones, close to the performance of commercial silicon photodetectors. 
It is believed that this work demonstrates the possibility for hybrid heterojunc-
tions to exploit the unique properties of both inorganic and organic semiconduc-
tors for high-performance opto-electronic devices.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202104654.
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the high dielectric constant and delocalization of free carriers in 
the crystalline inorganic material might contribute to reducing 
the free energy that is necessary to efficiently dissociate charge-
transfer (CT) excitons at inorganic/organic heterojunctions and 
that higher open-circuit voltage (Voc ) can therefore be achieved 
for a given optical bandgap in photovoltaic (PV) devices.[4,8] In 
practice, however, hybrid-heterojunction solar cells and pho-
todetectors have not reached the expected performance,[1,4,8–14] 
especially compared to their all-organic heterojunction counter-
parts.[15] A major limitation has been poor efficiency of photoex-
cited charge transfer from the organic to the inorganic material 
and subsequent charge separation.[12,16–21]

The most common combinations of inorganic and organic 
materials in hybrid heterojunction devices thus far have been 
pairing either metal oxides (e.g., zinc oxide, ZnO, and titanium 
dioxide, TiO2) or chalcogenide nanoparticles (e.g., CdSe) with 
polymers, such as regioregular poly(3-hexylthiophene-2,5-diyl) 
(P3HT).[3,4,8,9,22] As an example, solar cells fabricated using the 
prototypical ZnO:P3HT heterojunction[9,22] suffer from high 
voltage losses and low photocurrents, which has been sug-
gested to be due to the strong binding of electron–hole pairs 
formed at the ZnO:organic interface,[23] which is in agreement 
with theoretical work.[24] Similarly poor performance with other 
metal oxides has been assigned to trap states at the surface of 
the metal oxides that prevent charge separation.[11,14] Because 
of these limitations, ZnO:organic solar cells have achieved lim-
ited power conversion efficiencies (PCE) of ≈0.5% in a planar 
heterojunction architecture, or up to 3% in a bulk-heterojunc-
tion (BHJ) architecture,[16] and yield photodetectors with low 
responsivities.[25,26] Similarly, studies on cadmium sulfide 
(CdS) nanoparticle:polymer and cadmium selenide (CdSe) 
nanoparticle:polymer blends have found that charge generation 
following absorption in the organic component results in poor 
exciton dissociation and high geminate recombination losses, 
limiting solar cell efficiencies to ≈3–5%,[5,12,27,28] and showing 
only limited photodetection capabilities.[29]

In order to address the reasons for this poor optoelectronic 
performance of hybrid solar cells and photodetectors, the 
mechanisms of charge separation and voltage generation need 
to be understood in terms of the states involved at the inter-
face between the organic and inorganic materials. In organic 
heterojunctions, the primary state that dominates charge 
recombination in the system has been shown to be a CT-state, 
which arises from a coulombically bound electron–hole pair 
in which the electron lies in the lowest unoccupied molecular 
orbital (LUMO) of the electron-acceptor material and the hole 
lies in the highest occupied molecular orbital (HOMO) of the 
electron-donor material.[30–32] CT-like excitons, formed at the 
interface between the inorganic and organic material, have also 
been reported to play a role in charge generation in various 
inorganic/organic heterojunctions when the organic material 
is the primary absorbing material, but there has been limited 
success to-date in minimizing recombination through such 
states.[8,9,22,23,33] However, much less attention has been paid to 
the role of such states in the charge separation mechanisms in 
hybrid heterojunctions than in organic heterojunction devices; 
a careful investigation of such states would be useful in clari-
fying the practical limits to charge separation in such hybrid 
systems.

One notable exception to this has been hybrid heterojunc-
tion consisting of the inorganic semiconductor copper thio-
cyanate (CuSCN) with organic semiconductors, either in a 
bilayer[34] or in a pseudo-BHJ architecture.[35–37] For example, 
we have previously demonstrated that hybrid devices made 
from CuSCN nanowire structures grown on a CuSCN donor 
layer and the methanofullerene PC70BM, yield PCEs greater 
than 5% as a result of efficient hole transfer from the HOMO 
of PC70BM to the valence band (VB) of CuSCN. Whilst these 
hybrid layers yielded efficient solar cells, the mechanisms of 
photocurrent generation were not fully investigated in these 
works, and the use of fullerenes limited the possible absorption 
and donor:acceptor energetic offset range and thus the utility 
of such devices. In this work, we demonstrate for the first 
time that charge separation in a range of CuSCN/organic het-
erojunctions proceeds via an emissive CT state whose energy 
follows the energetic offset between the LUMO of the organic 
semiconductor and the VB of CuSCN, in analogy to all-organic 
heterojunctions. Additionally, unlike almost all other hybrid 
heterojunctions reported thus far, charge generation is efficient 
due to facile dissociation of photogenerated CT-excitons at the 
interface. Indeed, we demonstrate high internal quantum effi-
ciencies (>70%) and low non-radiative voltage losses (down to 
0.21 V) in solar cells, on par with those achieved by all-organic 
heterojunctions . We show that this enables the fabrication of 
near-infrared (NIR) photodetectors with low dark saturation 
current and noise spectral densities, leading to NIR-specific 
detectivities that are amongst the highest reported for any 
organic-semiconductor-based photodetector.

2. Origin of Charge Generation

We begin by studying the nature of charge generation at such 
a heterojunction to determine whether sufficient photocurrent 
can be generated to make them viable in optoelectronic devices. 
The energy levels of CuSCN, an intrinsically p-type inorganic 
semiconductor, are depicted in Figure 1A, showing that its ioni-
zation potential (IP) is located at an appropriate energy (−5.4 eV, 
measured by air photoemission spectroscopy (Figure S1, Sup-
porting Information)) for CuSCN to form a type-II heterojunc-
tion with a wide range of small-molecule acceptors; most such 
acceptor molecules studied for organic PV applications have 
IP deeper than −5.5  eV and bandgaps of less than 2  eV.[38] 
As an example, we therefore initially choose the archetypal 
small-molecule non-fullerene acceptor 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]
dithiophene (ITIC) as the n-type partner of the heterojunction, 
due to its strong absorption in the visible and HOMO level in 
the region of −5.5 to −5.6  eV,[39,40] which enables it to form a 
type-II heterojunction with CuSCN with an appropriate ener-
getic offset for hole transfer from the ITIC HOMO to the VB 
of CuSCN. A hybrid heterojunction is fabricated by the sequen-
tial deposition of CuSCN and ITIC; due to the insolubility of 
CuSCN in most organic solvents, deposition of the organic 
layer on top of CuSCN allows for the fabrication of a well-
defined (<10 nm root-mean-square roughness, Figure S2, Sup-
porting Information) heterojunction.[34,36]

Adv. Mater. 2021, 2104654
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Figure  1B shows the electroluminescence (EL) spectra and 
the onset of the external quantum efficiency (EQE) of devices 
employing a CuSCN/ITIC heterojunction (blue line and sym-
bols), and of ITIC-only devices (red), with the thickness of 
ITIC films being 30 ± 5  nm (the optimized thickness for PV 
device) in both cases. For the ITIC-only device, we substituted 
CuSCN with the well-known hole transport layer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), 
which we have previously shown does not facilitate charge 
separation in a heterojunction with PC70BM.[35,37] The EL spec-
trum of PEDOT:PSS/ITIC shows exclusively excitonic emis-
sion from ITIC, with a main (0−1) peak centered at ≈1.59 eV, 
and a shoulder peak centered at ≈1.46 eV, in accordance with 
previous studies.[41–43] By contrast, the EL emission of CuSCN/
ITIC is dominated by a new peak appearing at an energy of 
≈1.39  eV, whilst the ITIC excitonic emission is present but 
strongly quenched. Changing the ITIC thickness does not 
change the energy of the new emission peak (Figure S3, Sup-
porting Information), but the relative intensity of the peak 
compared to the ITIC excitonic emission peak decreases with 
increasing ITIC thickness. This strongly suggests that the 
origin of this new peak is a state at the CuSCN/ITIC inter-
face and is in agreement with the injection dependent spectra 
(Figure S4, Supporting Information); additionally, the high 
intensity of the emission from lower energy states suggests 
that those states are emissive CT states rather than trap states, 
since traps would act primarily as non-radiative pathways for 
recombination.[44]

Similar to the emission spectrum, the sub-bandgap 
absorption below 1.7 eV (measured as EQE spectrum) of pure 
ITIC in Figure  1B shows a steep absorption edge, whereas 
the CuSCN/ITIC sub-bandgap absorption shows a more 
extended, shallow absorption tail that extends beyond the 
absorption tail of ITIC to 1.3  eV. The spectral overlap of the 
bilayer emission and absorption spectra suggests that they 
originate from the same sub-bandgap state which we esti-
mate to lie at ≈1.5 eV from the crossing of normalized EL and 
EQE spectra;[45] based on the donor VB (−5.4 eV) and acceptor 
LUMO energy (−3.85  eV),[46] this is also the energy around 
which we estimated an interfacial CT state to lie. This result 

strongly suggests that the emission originates from a state 
that is an interfacial CT state in nature; to the best of our 
knowledge this is the first reported CT state at an inorganic/
organic heterojunction involving a p-type inorganic semicon-
ductor and an n-type organic semiconductor.

As we have previously noted, the charge separation effi-
ciency in the case of charge transfer from the organic to the 
inorganic material in most reported hybrid heterojunctions 
is very low, which has been attributed to various phenomena 
including the competing formation of triplet states,[47] trap 
states at the metal oxide interface,[48–50] and high geminate 
recombination rates of CT excitons at chalcogenide/polymer 
interfaces.[12,51] Figure  1C shows the measured EQE and the 
internal quantum efficiency (IQE) calculated therefrom using 
a transfer matrix model for a CuSCN/ITIC device and a 
PEDOT:PSS/ITIC device, with a 30 ± 5 nm ITIC layer in both 
cases.[52] Notably, the IQE of the CuSCN/ITIC device is ≈70% 
in the region where there is strong absorption in the ITIC 
layer (550–710 nm), suggesting a high charge-separation effi-
ciency at the CuSCN/ITIC interface. As expected, the IQE of 
the PEDOT:PSS/ITIC device is negligible at all photon ener-
gies due to the absence of an appropriate interface for charge 
separation, apart from a peak at low wavelengths due to the 
contribution of weakly bound excitons.

Since a CT-exciton is, by definition, formed by an electron 
in the LUMO of the acceptor and a hole in the HOMO (or in 
this case the VB) of the donor, the energy of the CT state cor-
relates to the energetic difference between these two donor and 
acceptor (D–A) energy levels at organic heterojunctions,[30,53–55] 
with the same relationship also having been observed at hybrid 
heterojunctions.[9,22] In order to further confirm that the emis-
sion from the CuSCN/ITIC state is indeed of CT character, we 
additionally fabricated CuSCN bilayer devices with five more 
organic semiconductors with a range of LUMO energies. The 
energetics of the six acceptors, C70 and C60,[56] IT-4F,[57] Y6,[57] 
PC70BM,[57] and ITIC,[58] are shown in Figure 2A, displaying a 
range of LUMO energies from −4.3 (C70) to −3.85 eV (PC70BM), 
all taken from inverse photoemission spectroscopy values 
from the literature.[46,59] We note here that whilst fullerenes 
are considered strictly inorganic semiconductors by some 

Adv. Mater. 2021, 2104654

Figure 1. A) Energy levels (materials not in contact with each other) of CuSCN and a typical acceptor-type small organic semiconductor molecule (ITIC), 
and of the electrodes. Bathocuproine is used as the electron-transport layer. A CT state may be formed between an electron in the LUMO of ITIC and 
a hole in the VB of CuSCN when the materials are in contact. B) Normalized EL (solid lines) and EQE (symbols and lines) spectra of a CuSCN/ITIC 
(30 nm) heterojunction, and of an ITIC-only device, where CuSCN was replaced with PEDOT:PSS. C) EQE (open squares) and IQE (closed circles) of 
a CuSCN/ITIC and a PEDOT:PSS/ITIC device.
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definitions, we count them here among organic acceptors 
following common usage in the field.[60,61] Figure 2B shows the 
EL emission of all five CuSCN/organic heterojunctions at low  

injection currents, all of which show emission from a state that 
is redshifted from the emission of the pristine acceptor (shown 
in Figure S5, Supporting Information, for clarity), in agreement 
with the EQE spectra (Figure S7, Supporting Information). As 
shown by Figure 2C, the energies of the emission peaks show 
a good positive correlation with the corresponding LUMO of 
the acceptor whilst being completely uncorrelated with the 
bandgap of the acceptor (Figure S6, Supporting Information), 
offering further evidence that the emission peaks originate 
from an interfacial state at the CuSCN/organic interface, that 
is, a CT state.

3. Photovoltaic Devices and Voltage Losses

Having established the presence of a CT state at all studied 
CuSCN/organic heterojunctions, we now present the current 
density–voltage (J–V) characteristics of optimized devices incor-
porating these bilayers with optimized organic layer thicknesses 
(≈ 50 nm for C70, 65 nm for C60 and 30 nm for ITIC and PC70BM, 
40 nm for Y6 and IT-4F). The same architecture as in Figure 1A 
was used for all organic semiconductors, and the J–V charac-
teristics under AM1.5 illumination are shown in Figure 3A,  
with the device characteristics from an average of 8 devices 
shown in Table 1. All devices exhibit a PCE of over 1%, with the 
best performing device being CuSCN/Y6, which shows a high 
Jsc of over 6 mA cm−2, a Voc of 0.84 V and a PCE of 2.7%. This 
relatively high photocurrent generation, given the limitation 
induced by the bilayer architecture, can be attributed to a com-
bination of high absorption coefficient and long-range exciton 
diffusion in Y6 that has been recently demonstrated using the 
same system.[34] Interestingly, CuSCN/C70 also shows good per-
formance (PCE > 2%) despite the limited spectral range of C70 
absorption. This can be attributed to a combination of the long-
exciton lifetime of C70 and its extremely high electron mobility, 
which we measured to be 2.4 cm2 V−1 s−1 using thin-film transis-
tors (Figure S8, Supporting Information). This high mobility is 
also likely to be partly responsible for the high fill factor (com-
pared to the other devices) of nearly 60% and demonstrates that 
improved power-conversion-efficiencies may be achievable in 
bilayer devices if exciton and charge-carrier lifetimes of organic 
semiconductors can be improved. These performance values 
are amongst the highest achieved in hybrid bilayer inorganic/
organic heterojunctions to date and are surprisingly high given 
that only one component of the heterojunction contributes to 
excited-state generation.

We additionally calculated the voltage losses for each device 
from their EQE and EL spectra using the method of Yao 
et  al.,[62] with the results shown in Table  1 and Figure  3B. As 
would be expected, devices with fullerene acceptors, charac-
terized by large energetic offsets between the HOMO of the 
acceptor and the VB of CuSCN, display a high voltage loss due 
to broadened absorption edge (ΔVoc,abs) due to strong redshift 
of the CT state absorption compared to the acceptor absorp-
tion edge.[63,64] Focusing, therefore, on the two devices with the 
lowest offsets, CuSCN/ITIC and CuSCN/Y6, it is first notice-
able that both have low ΔVoc,abs  of ≈0.1  eV, which is compa-
rable to some of the best performing organic BHJ devices,[65,66] 
although we note that care must be taken when comparing 

Adv. Mater. 2021, 2104654

Figure 2. A) Energy levels of CuSCN and small molecules used herein,[46,59] 
with a ECT value is approximately equal to the difference between the 
organic LUMO energy and the CuSCN VB, as indicated by the double-
headed arrow for CuSCN/PC70BM. B) Normalized EL emission spectra 
of all optimized CuSCN/organic semiconductor bilayer heterojunctions. 
C) EL emission peak energy plotted as a function of LUMO energy of the 
organic semiconductor, showing a linear correlation.
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ΔVoc,abs between studies since it depends on the definition 
of the bandgap.[67] Second, both CuSCN/ITIC and CuSCN/
Y6 exhibit low non-radiative voltage loss (ΔVoc,nr ) values of 
0.29  ±  0.2 and 0.21 ±  0.2 eV, respectively. The extremely low 

value displayed by CuSCN/Y6, comparable to that of the high 
efficiency polymer:small-molecule bulk-heterojunction (BHJ) 
PM6:Y6 blend (ΔVoc,nrad  =  0.23–0.27  V),[65,68] shows that non-
radiative recombination pathways in hybrid heterojunction 
devices can be suppressed with the right choice of materials. 
Such low non-radiative voltage losses are in agreement with 
the high magnitude of electroluminescent CT-state emission 
observed, comparable to the magnitude of CT-state emission 
from a very well mixed polymer:Y6 bulk-heterojunction device 
(Figure S10, Supporting Information). Interestingly, plotting 
the non-radiative voltage losses against the energy of the charge 
transfer state in Figure  3B, we find no correlation between 
the two values in the systems studied, which is in agreement 
with recent work showing an absence of such a correlation in 
organic solar cells with low energetic offsets between the donor 
and the acceptor,[69] although we note that the sample size used 
here may be too small to draw a definite conclusion. Further 
investigations are required to determine the reasons for the low 
ΔVoc,nrad in this system, in comparison to other hybrid hetero-
junction systems. From a molecular picture of recombination, 
the factors controlling ΔVoc,nrad at heterojunctions include reor-
ganisation energy, static dipole moment, density of interface 
states and the strength of interaction between local excited and 
CT-states,[41,70] any of which might be affected by the inorganic 
nature of the donor in this case; this is beyond the scope of  
this study but merits further investigation. The low non-
radiative voltage losses demonstrated suggest that high efficien-
cies are achievable using CuSCN/organic heterojunctions if, 
for example, the photocurrent generated can be improved by 
increasing the area of the CuSCN/organic interface as has been 
previously demonstrated for CuSCN:PC70BM devices.[36]

It is worth commenting at this point on the fact that based 
on the properties demonstrated herein (solution processability, 
evidence of CT state, relatively high open-circuit voltage losses 
compared to many crystalline inorganic materials), CuSCN 
appears to display many similar properties to what may be 
expected of an organic semiconductor. There are, however, 
important physical and electronic differences that distinguish 
CuSCN from most organic semiconductors, such as: 1) its VB 
characteristics, which control the properties relevant for its 
application as an electron donor (i.e. hole transport and par-
ticipation in interfacial charge transfer) arise primarily from Cu 
3d orbitals,[71–74] as opposed to π orbitals in organic semicon-
ductors; 2) it has a dielectric constant higher than 5[75] (most 
organic semiconductors have a lower dielectric constant of less 
than 4; 3) it has high (1019 cm−3)[72] intrinsic hole concentrations 

Adv. Mater. 2021, 2104654

Figure 3. A) J–V curves of optimized bilayer devices measured under 
AM1.5 illumination. B) Non-radiative voltage losses plotted against 
energy of the CT-state, showing no correlation.

Table 1. Average device characteristics for CuSCN/organic bilayer devices under AM1.5 illumination for a minimum of 5 individual devices, and 
voltage losses for the best performing device. For clarity, the errors are shown in Table S1, Supporting Information.

Material JSC [mA cm−2] Voc [V] FF [%] PCE [%] Eg [eV] Voc,sq [eV] Voc,rad [eV] ΔVoc,abs [eV] ΔVoc,nrad [eV]

C70 4.1 0.94 56 2.2 2.10 1.78 1.36 0.42 0.42

IT-4F 4.2 0.75 44 1.4 1.60 1.32 1.19 0.13 0.43

Y6 6.5 0.84 51 2.8 1.41 1.14 1.05 0.09 0.21

ITIC 3.4 0.94 33 1.1 1.64 1.34 1.23 0.11 0.29

PC70BM 1.3 0.98 45 1.1 2.12 1.81 1.47 0.34 0.49

C60 2.4 0.82 51 1 2.12 1.81 1.37 0.31 0.55
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arising from Cu vacancies, amounting to unintentional p 
doping (most organic semiconductor do not have high intrinsic 
charge carrier concentrations and are not intentionally or unin-
tentionally doped). We believe, therefore, that the reasons for 
why CuSCN can be used to fabricate hybrid heterojunctions 
with similar characteristics to all-organic heterojunctions are 
intriguing and warrant further investigation in future works.

4. Application as NIR Photodetectors

The simplicity of the device architecture, the low material cost 
of CuSCN ($0.7 per gram)[76] compared to conventional polymer 
donors (e.g., P3HT, $400 per gram),[77] and the potentially 
greater stability due to the absence of a mixed morphology, 
makes such heterojunctions an attractive proposition for low-
cost optoelectronics. Whilst the limited diffusion length of the 
organic molecules investigated herein limits the efficiency of 
solar cells, one application where a bilayer architecture may be 
preferable to a mixed-phase architecture is in photodetectors, 
where minimizing the donor–acceptor interface helps to reduce 
intra-gap trap states and hence the dark saturation current 
(JD).[78] Further, it has been shown that non-radiative recombi-
nation dominates JD in organic photodetectors and limits the 

achievable detectivity (D*).[79] Given the extremely low ΔVoc,nrad 
of the CuSCN/Y6 device, this makes this heterojunction a 
promising candidate for low-noise photodetection and since the 
absorption spectrum of Y6 spans from 650 to 950 nm (Figure S9,  
Supporting Information), this additionally gives the possibility 
of NIR photodetection, which is widely used in medical, indus-
trial, or communication settings.[80]

Figure 4A thus shows the J–V characteristics of a CuSCN/
Y6-based photodetector in the dark, with the same device struc-
ture as used for the fabricated PV devices but with an increased 
Y6 thickness of 100  nm in order to decrease shunt currents. 
The device shows very low dark current densities of 0.04, 5, and 
10 nA cm−2 at applied voltages of 0, −0.5, and −2 V, respectively, 
which are amongst the lowest reported for organic-semicon-
ductor-based photodetectors.[81,82] Since there is only a small 
sacrifice in photocurrent in this thicker device compared to the 
optimized device (Figure S11, Supporting Information) the on/
off ratio of the device at AM1.5 illumination is over 8 orders 
of magnitude at zero bias and over 6 orders of magnitude at 
reverse biases up to −2 V. Such low JD values are on par with 
the best performing organic NIR BHJ photodetectors and sug-
gest a low density of intra-gap trap states,[78] reiterating that the 
CuSCN/organic interface is not a major source of trap states as 
is the case at other hybrid heterojunctions.[8]

Adv. Mater. 2021, 2104654

Figure 4. A) Current-density against voltage plot in the dark of a CuSCN/Y6 photodetector. The inset shows the measured noise spectral density for 
the same device (red line) as a function of frequency, and the noise floor of our experimental set-up (blue line). B) Responsivity of the same device 
measured at different applied biases. C) Specific detectivity calculated from the responsivity and the noise spectral density at frequencies of 20, 2, and 
0.2 kHz at no applied bias and at −0.5 V applied bias. D) Measured current spectral density at 200 Hz at different incident light powers at a wave-
length of 830 nm, with a linear fit to the data showing a minimum LDR of 131. E) Transient photocurrent response of the photodetector under a 80 μs 
pulse at a wavelength of 830 nm. The rise (τr) and fall (τf) times, calculated by the time it takes for the current to rise (fall) from 10 (90) to 90% (10%)  
of the plateau current. F) Photocurrent response normalized to the photocurrent at continuous illumination as a function of frequency, showing the 
−3 dB cut-off frequency at 46 kHz.
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The reverse dark current is the major contributor to the shot 
noise, but an accurate description of the noise current must also 
include contributions to the thermal and flicker noise as a func-
tion of the frequency response.[83] The inset in Figure  4A thus 
shows the noise spectral density, in, obtained by a fast Fourier 
transform of the dark current as a function of time, in a fre-
quency range from 30 Hz to 30 kHz of the CuSCN/Y6 photo-
detector (red line) at zero applied bias and the noise floor of our 
measurement set-up (blue line). Below ≈2 kHz the noise current 
of the photodetector is limited by the noise floor of our meas-
urement set-up, whilst beyond 2  kHz the noise current tends 
toward ≈4 fA Hz−0.5. Similarly low noise current were obtained at 
low negative applied voltages, with a small increase in the noise 
current observed starting from −1  V  (Figure S12, Supporting 
Information). Again, such low noise currents are amongst the 
lowest reported for any thin-film photodetector technology.

In order to measure the response of the photodetector under 
illumination, we calculated the responsivity, R from the meas-
ured EQE spectrum (Figure S13, Supporting Information), via 
R  =  EQE × e/hν, and which is shown in Figure 4B at different 
applied biases. R peaks at a wavelength of ≈810  nm, reaching 
0.10 and 0.12 AW−1 at 0 and −2  V applied bias, respectively, 
making the device suitable for NIR light detection. Using the 
measured responsivity and noise current, the specific detec-
tivity (D*) can be calculated from the noise equivalent power 
(NEP) via 

D
AB

NEP

R AB

in)(
= =∗  (1)

where A is the detector area and B is the electric bandwidth. 
As shown in Figure  4C, the highest D* value is achieved at 
a small reverse bias of −0.5  V, reaching 9.97 × 1012 Jones at a 
wavelength of 810 nm, at a frequency of 20 kHz, with a slightly 
lower value of 6.67  × 1012 Jones achieved at zero applied bias 
at the same frequency. Such high values of D* suggest that the 
light detection limit of the photodetector (the NEP) can reach  
2 × 10−14 W Hz1/2 via Equation (1), and is therefore amongst the 
few reported cases of organic-semiconductor-based photodetec-
tors that allow NIR light detection of sub-picowatt signals.[81] At 
2 kHz, D* is around half that achieved at 20 kHz, and is even 
lower at 0.2 kHz (< 1012 Jones), although it should be noted that 
at such low frequencies the noise current of the photodetector 
reaches the noise floor of our experimental set-up and that this 
therefore sets a lower bound for D* at these frequencies. The 
specific detectivities at a greater reverse bias of −2 V (Figure S14,  
Supporting Information) are slightly lower still, but still reach 
>1012 Jones at frequencies above 2  kHz. The herein meas-
ured values of D* are amongst the highest, if not the highest, 
recorded for NIR organic or perovskite thin-film photodetec-
tors[81] and approach those achieved by silicon photodetectors.[79]

We additionally measured the linearity of the light response 
at low light intensities by recording the current response under 
decreasing light intensity at a specific frequency, as shown 
in Figure S15, Supporting Information.[84,85] As observed in 
Figure  4D, at a wavelength of 830  nm and zero applied bias 
and a frequency of 200 Hz, the photoresponse of the detector 
is linear down to the lowest light power (4 × 10−12 W) available 
within our set-up, and approaches the NEP calculated above 

using the measured dark noise spectral density and respon-
sivity at this frequency (4 × 10−13 W). This directly validates the 
high specific detectivities calculated above. We also note that 
the measured current is linear across the whole light-power 
range available to us (over 7 orders of magnitude), leading to a 
minimum linear-dynamic-range (LDR) of 131.

Finally, we also measured the time-dependent response 
of the photodetector. Figure  4E shows the photocurrent 
response of the device in response to a 80 μs light pulse at a 
wavelength of 830  nm at no applied bias. From the photode-
tector response a rise time tr  (time for which device response 
rises from 10 to 90%) and a fall time tf (time for which sensor 
response decreases from 90 to 10%) of 4.4 and 9.5 μs, respec-
tively, was measured. Such response speed values are typical of 
organic or perovskite photodetectors measured at no external 
bias.[81,86–88] Further, the temporal response at various light 
intensity modulation frequencies was measured, with the 
maximum recorded photocurrent (in decibel normalized to the 
photocurrent as 0 Hz) plotted against frequency in Figure 4F. 
The cut-off frequency, defined as the frequency at which the 
output of the photodetector is attenuated to −3  dB  (70.8% of 
the original photocurrent), is calculated to be 42  kHz, which 
defines the applicable bandwidth of the photodetector. This 
cut-off frequency is similar to comparable OPDs and is fast 
enough for applications such as medical monitoring and image 
sensors.[80,81,89]

5. Conclusion

We have demonstrated the first instances of CT state forma-
tion between an inorganic p-type semiconductor (CuSCN) and 
various n-type organic semiconductors through measurements 
of tail-state EQE and EL spectra. Contrary to previous reports 
for inorganic–organic heterojunctions, we demonstrate that 
photogenerated excitons in the organic semiconductor can 
be effectively converted into free charges through the media-
tion of CT states. This allows for the fabrication of simple and 
potentially low cost planar organic solar cells with extremely 
low non-radiative voltage losses (0.21  V) and photodetectors 
with low dark current (40 pA cm−2) and noise spectral density  
(3 fA Hz−1/2) at no external bias in CuSCN/Y6 devices. As a 
result, we measure specific detectivities of just under 1013 Jones 
at NIR wavelengths, which are amongst the highest reported 
for organic or hybrid photodetectors and allow for NIR light 
detection of sub-picowatt signals (2 × 10−14 W). We finally show 
that such photodetectors show a temporal response to NIR 
illumination in the low microsecond timescale at no external 
bias and a −3 dB cut-off frequency of 42 kHz. We thus believe 
that the presented work re-opens the door to exploring hybrid 
heterojunctions for optoelectronic devices that can exploit the 
unique property of combining low-cost transparent inorganic 
materials with color-tunable organic semiconductors

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