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Abstract  

Shortwave infrared (SWIR) has various applications, including night vision, remote sensing, and 

medical imaging. SWIR organic photodetectors (OPDs) offer advantages such as flexibility, cost-

effectiveness, and tunable properties, however, lower sensitivity and limited spectral coverage 

compared to inorganic counterparts are major drawbacks. Here, we propose a simple yet 

effective and widely applicable strategy to extend the wavelength detection range of OPD to a 

longer wavelength, using resonant optical microcavity. We demonstrate a proof-of-concept in 

PTB7-Th:COTIC-4F blend system, achieving external quantum efficiency (EQE) > 50 % over a 

broad spectrum  = 450 – 1100 nm with a peak specific detectivity (D*) of 1.1  10
13

 Jones at  

= 1100 nm, while cut-off bandwidth, speed, and linearity are preserved. By employing a novel 

small-molecule acceptor IR6, a record high EQE = 35 % and D* = 4.1  10
12

 Jones are obtained 

at  = 1150 nm. This research emphasizes the importance of optical design in optoelectronic 

devices, presenting a considerably simpler method to expand the photodetection range compared 

to a traditional approach that involves developing absorbers with narrow optical gaps. 

  



 

3 

 

1. Introduction 

Shortwave infrared (SWIR, usually corresponds to the wavelength range of  = 1000 – 2500 nm) 

and their photodetection platforms have attracted elevated attention in recent years.
[1-2]

 SWIR 

covers two biological windows (1000 – 1350 nm and 1500 – 1800 nm) with low-absorption of 

biological tissues and fluids,
[3-4]

 has excellent penetrating ability through dusty/foggy air-

condition, and enhances visibility in nighttime compared to visible wavelength range.
[1, 5]

 These 

characteristics give this wavelength range ideal applicability for emerging technologies such as 

autonomous vehicles, medical devices, industrial inspection, telecommunications, remote 

sensing, and environmental monitoring.
[6-7]

 Photodetectors for SWIR are mostly based on 

inorganic materials, notably InGaAs, Ge, and InSb, owing to their low exciton binding energy, 

high absorption coefficient, high charge mobility, great reproducibility, and stability.
[8]

 

Nevertheless, these already-commercialized platforms usually require molecular beam epitaxy to 

grow the light-absorbing active layer, and the high-production cost is often regarded as the 

biggest disadvantage.
[1, 9]

  

Solution-processible organic photodetectors (OPDs) are arising as a cost-effective near-

infrared (NIR) and infrared (IR) sensing platform, along with other attractive properties such as 

lightweight, flexible, compatible with mass-production processes (roll-to-roll, blade coating, 

etc.).
[10-16]

 Recent developments of non-fullerene acceptors (NFAs) and extensive efforts on 

device engineering have enabled high-detectivity NIR OPDs (~10
13

 Jones at  = 940 nm),
[17-20]

 

with impressive external quantum efficiency (EQE > 50 % at  = 940 nm),
[19-23]

 low dark current 

density at a reverse bias (sub-nA/cm
2
),

[12, 24-28]
 and mega-hertz cut-off bandwidth.

[29-31]
 

Remarkably, some NFA-based OPDs have demonstrated sizable photoresponse in the SWIR 

range of 1000 nm   < 1100 nm.
[17-18, 21-22, 32-35]

 For instance, by adopting an ultrathick active 
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layer (~8.2 m) of PD004:PD-A2 bulk heterojunction (BHJ), Tsai et al. realized a self-filtered 

OPD with EQE = 53 %, at 8 V and  = 1080 nm.
[35]

 Yet, to the best of our knowledge, there are 

no high-performance NFA-based OPD with EQE > 20 % for   1100 nm. Beyond this 

wavelength, SWIR absorption of OPD in the literature majorly comes from (i) ultra-narrow 

bandgap polymer
[36-42]

 or (ii) resonance-enhanced absorption of donor:acceptor charge-transfer 

(CT) state using cavity structure,
[30, 43-46]

 and each of them has their own drawbacks. SWIR 

OPDs based on (i) suffer from low EQE (~10 % or lower) due to poor dissociation coefficient, 

and therefore charge extraction process heavily depends on the reverse bias.
[40]

 SWIR OPDs 

based on (ii) only support narrow-band detection spectrum, and poor EQE (< 10 %) and low 

detectivity are generally observed.
[46-47]

 Summarily, extending the OPD detection range to a 

longer SWIR wavelength while preserving high photoresponse, speed, and broadband detection 

spectra, is a very challenging task regardless of the mechanisms and materials used. 

In this work, we establish a simple yet effective and elegant strategy to extend the 

wavelength detection range of OPD to a longer wavelength, using resonant optical microcavity. 

By matching the thickness of the active layer to the optical resonant conditions, we obtain 

resonant-cavity enhanced (RCE) EQE at the long-wavelength absorption tail of the BHJ blend. 

This RCE concept in a glass/ITO/ZnO/BHJ/MoOx/Ag OPD is demonstrated using finite-

difference time domain (FDTD) simulation. RCE OPDs using PTB7-Th:COTIC-4F BHJ 

showcase an excellent experimental EQE of 59 % at  = 1100 nm (~5-fold enhancement 

compared to off-resonant condition) and 34 % at  = 1130 nm (~8-fold enhancement), 

respectively, while broadband wavelength spectra, bandwidth, speed, and linearity are preserved. 

Importantly, this work also underlines a possible source of artifact in the analysis using the tail of 

EQE spectra (e.g., determination of CT-state, mid-gap trap state, Urbach energy fitting, etc.), 
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which originates from resonant-enhanced EQE. 

2. Results and Discussion 

2.1. Concept of resonant-cavity enhanced (RCE) OPDs  

The architecture of an RCE OPD is simple. The BHJ is sandwiched between a highly-transparent 

bottom contact (glass/ITO/ZnO, acts as a “front mirror”) and an opaque top contact (MoOx/Ag, 

acts as a “back mirror”) (Figure S1), and this OPD configuration is a regular bottom-illuminated 

inverted structure. We note that the “front mirror” semitransparent electrodes of other resonance-

enhanced OPDs in the literature are usually formed by a thin layer (~20-30 nm) of Au or Ag, 

which is the major structural difference compared to our RCE OPD.
[30, 43]

 Two major advantages 

achieved from this unique highly-transparent electrode are (1) preserving broadband detection 

spectra (see discussion of Supplementary Figures S2-3) and (2) reduced parasitic absorption 

loss due to the bottom electrode. Similar to any RCE photodetector, the resonance condition of 

the RCE OPD can be estimated from the following equation,
[30, 43, 48]

 

  
      

  
                      

where   ,     ,  ,   are resonance wavelength, effective refractive index of the medium 

between two mirrors, thickness of the medium between two mirrors, and resonance mode order, 

respectively.  

Figure 1a shows how we use this RCE concept for device design. Taking an example of 

PTB7-Th:COTIC-4F blend which has been featured in several recent SWIR OPDs,
[17-18, 24-25, 34, 

49-50]
 this BHJ shows a strong extinction coefficient k up to g  1050 nm (Figure 1a, top figure; 

g is arbitrarily taken where k = 0.25). At  > g, k reduces rapidly as  increases, and as a result 
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the EQE value of reported PTB7-Th:COTIC-4F OPDs at  = 1100 nm are typically 10-15 %.
[17-

18, 24-25, 34, 49]
 In our RCE OPD, the thickness of BHJ film (LBHJ) is chosen to target the resonance 

at the long-wavelength absorption tail ( > g, Figure 1a, bottom figure), where the absorption 

coefficient k (blue curve, Figure 1a) is rather weak. At the resonance, an electromagnetic wave 

with a wavelength  =    experiences constructive interference and the    photons are trapped 

in the device until they are absorbed by the active layer.
[43, 47]

 Moreover, the broadband 

photoresponse window of OPD is not harmed by resonant-cavity mode, since the reflectance of 

one mirror is substantially low (Figure S3).
[48, 51]

 

 

Figure 1. (a) Top: optical refractive index and extinction coefficient of PTB7-Th:COTIC-4F BHJ 

used for FDTD calculation. Bottom: Schematic of a broadband RCE OPD. This detector has a top 

reflective contact (MoOx/Ag), and a transparent bottom contact (glass/ITO/ZnO). Photons with  < g 

are strongly absorbed due to the high extinction coefficient of BHJ. Photons with  > g are trapped 
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in the device due to resonance mode until they are absorbed. (b) Black curve: FDTD-calculated 

normalized power absorption (Pabs/P0) of stand-alone 280 nm PTB7-Th:COTIC-4F BHJ. Red curve: 

with a sandwich of top and bottom contact, the same BHJ can absorb significantly more optical power 

at the long-wavelength absorption tail ( > g). (c) Time-average intensity map of local electric field 

|E/E0|
2 at the cross-section of BHJ in the OPDs with thickness optimized for the resonance at  = 

1100 nm (LBHJ = 280 nm).  

The optical properties of a stand-alone BHJ (LBHJ = 280 nm) and an OPD stack of glass/ITO 

(130 nm)/ZnO (40 nm)/BHJ (280 nm)/MoOx (7 nm)/Ag (100 nm) are simulated using FDTD 

method (see Experimental Section in the SI), and results are presented in Figures 1b and S4. 

The stand-alone BHJ film strongly absorbs photons when  < g, and when  > g, the 

normalized power absorption (Pabs/P0) therefore drops rapidly as  increases (black curve, 

Figures 1b). However, an identical BHJ film sandwiched between the electrodes can support 

resonant cavity mode at     = 1100 nm, which enhances Pabs/P0 ratio at this wavelength by a 

factor of 5 (red curve, Figures 1b). The time-average intensity maps of the local electric field at 

the cross-section of a stand-alone BHJ film (Figure S4b) and a BHJ film in an OPD stack 

(Figures 1c) show the contrast of |E/E0|
2
 fields when there is no resonance and when resonant 

cavity mode is supported, respectively. Two strong local electric field centers at    = 1100 nm 

can be observed in the map in Figure 1c, which corresponds to a resonance order of m = 2. By 

varying the thickness of the BHJ film, different resonance orders can be supported (Figure S5). 

We survey the active layer thickness-dependent optical response of RCE OPDs. FDTD 

simulations are performed on glass/ITO (130 nm)/ZnO (40 nm)/BHJ/MoOx (7 nm)/Ag (100 nm) 

structure, with BHJ thicknesses (LBHJ) varied from 20 nm to 900 nm. The calculated optical 

transmission and ideal EQE spectra are presented in Figures 2a and 2b, respectively. In the 
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transmission spectra map (Figure 2a), one can notice several “high-transmission strokes” at   

1050 nm, which correspond to the resonance-mode order m = 1 to 4, as indicated by white 

arrows. At the same -LBHJ location but in the EQE spectra map (Figure 2b), enhanced-EQE 

peaks induced by resonance modes can be also located. 

 

Figure 2. (a) FDTD-calculated optical transmission and (b) ideal EQE spectra of OPDs with active 

layer thickness varied from 20 nm to 900 nm. Resonance mode order from m = 1 to 4 for   1050 

nm are indicated in (a), and enhancements of EQE are also found at the same location in map (b). (c)  

EQE versus active layer thickness at different , extract from (b). The EQE peaks correspond to the 

enhanced-cavity resonance mode m = 1 to 4. 

We extract the EQE versus the LBHJ at different wavelengths of  = 1080, 1100, 1130, and 

1150 nm, and results are plotted in Figure 2c. Several evenly-spaced peaks corresponding to m = 

1 to 4 can be located and marked. The EQE value is greatly modulated when LBHJ increases, and 

the ratio between the maxima and minima EQE peak magnitude can be up to 5- to 10-fold. The 

strong dependency of EQEs on the film thicknesses can be attributed to the thickness-sensitive 

nature of the resonance modes.
[30, 43]

 In contrast, at   1000 nm where the extinction coefficient 

of the BHJ is fairly high and no resonance mode is induced, the EQE value is thickness-

independent when LBHJ > 300 nm (Figure S6). It is also worth noting that the resonance position 
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   is also sensitive to the thicknesses of other layers in the stack such as ZnO and MoOx, since 

the effective refractive index (    ) of the medium between two mirrors depends on these layers’ 

thicknesses (Figure S7b and S7d). In contrast, varying the thickness of the top Ag electrode 

from 50 to 250 nm does not affect the resonance position, as the reflection of this layer only 

marginally changes when the thickness is over 50 nm (Figure S7c).   

2.2. Experimental results  

To experimentally demonstrate the concept, we use the PTB7-Th:COTIC-4F blend and fabricate 

the OPDs with the same architecture as in the simulation (Figures 3a and 3b). Thickness 

variation of the active layer is done by changing the spin-speed and active layer solution 

concentration. More details on device fabrication can be found in the Experimental Section.  

 

Figure 3. (a) Materials and (b) device architecture used for the experiment. (c) Experimental EQE 

spectra (5 V) of OPDs with active layer thickness from 160 nm to 810 nm. (d) EQE (5 V) versus 
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active layer thickness at different , extract from map (c).  

The dark J-V characteristics of OPDs with increasing thicknesses (from 160 nm to 810 nm) 

are shown in Figure S8a. Unsurprisingly, we found that Jd reduces when LBHJ increases. A 

similar observation is widely seen in the literature.
[20]

 The thickness-dependent Jd at 5 V are 

extracted and graphed (Figure S8b), manifesting that there is a threshold at LBHJ ~300-350 nm, 

where further increasing the thickness does not significantly reduce the dark current. Figure 3c 

displays the experimental EQE spectra (5 V) of OPDs with the active layer thickness varied 

from 160 nm to 810 nm. We can locate the resonance modes m = 2, 3, and 4 for     = 1100 nm 

at LBHJ = 245, 458, and 655 nm, respectively. The active layer thicknesses differences LBHJ 

between each resonance mode orders for    = 1100 nm is ~200-210 nm, which is fairly close to 

the FDTD-calculated value (200 nm). However, the BHJ thicknesses that support the resonance 

mode at    = 1100 nm (experimental values LBHJ = 245, 458, and 655 nm) are ~20-30 nm 

thinner than the simulated values (LBHJ = 280, 480, and 680 nm), which can be ascribed to the 

mismatches in the optical constant values used for simulation and imperfections in experimental 

devices (such as surface roughness, thickness variation of any layer in the stack, etc.). 

We take a closer look at the EQEs at the resonance wavelengths as a function of LBHJ, Figure 

3d. Their thickness-dependent behaviors are similar to these of simulated results. Remarkably, 

the experimental EQE values (5 V) at    = 1100 nm are 53 % (m = 2) and 59 % (m = 4), which 

are close to the ideal calculated EQE values (61 %, m = 2 and 78 %, m = 4), and this is a sign of 

good photon-to-electron conversion for this blend system even when the thickness is large. A 

high extraction coefficient at the resonance wavelength can be seen via bias-dependent EQE 

(Figure S9a). Charge collection ratio (Rc), estimated by Rc = EQE0V/EQE5V, are 0.87 (m = 2) 
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and 0.84 (m = 4) at    = 1100 nm, which are already quite high without the assistance of the 

external bias. Sizable EQE enables very high shot-noise-limited specific detectivity    
  at low 

external applied voltage, as shot-noise reduces significantly to sub-nA/cm
2
 level near 0 V reverse 

bias (Figure S9a). Interestingly, at a shorter wavelength range of  = 600 – 1000 nm, Rc reduces 

rapidly when LBHJ reaches ~500 nm or thicker (Figures S9b and S9c) due to space-charge 

collection.
[18]

 

 

Figure 4. (a) Dark J-V characteristic, (b) responsivity (R), (c) noise current spectral density (Sn) with 

a bandwidth of measurement f = 1 Hz, (d) specific detectivity (  ) derived from Sn at 155 Hz, (e) 

normalized response as a function of input signal frequency, and (f) linear dynamic range (LDR) of 

OPDs with an active layer thickness of 245 and 655 nm. 

Two representative samples with LBHJ = 245 and 655 nm (which support resonance modes m 

= 2 and 4 at    = 1100 nm, respectively) are chosen for further standard photodetection 
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characterizations. Atomic force microscopy (AFM) images of the two samples (Figure S10) 

suggest similar surface morphologies with the root-mean-square (rms) roughness ranging from 

2.2 to 2.4 nm. These rms values are less than 1 % of the thicknesses of the BHJ films, which 

benefits reducing shunt leakage induced by nonuniformity of the interface. Grazing-incidence 

wide-angle X-ray scattering (GIWAXS) measurements suggest a preferred face-on orientation 

with no significant differences in terms of molecular ordering in both thin and thick film (Figure 

S11), which further supports that wavelength extension is attributed to variations of LBHJ, rather 

than morphological properties. 

Figure 4a shows a semilog plot of dark current-voltage characteristics of the OPDs. As LBHJ 

increases from 245 nm to 655 nm, the reverse Jd at 5 V improves by an order of magnitude (456 

nA/cm
2
 to 38.2 nA/cm

2
), while at Jd at 0.1 V slightly reduces (5.5 nA/cm

2
 to 3.0 nA/cm

2
). The 

responsivity (R) spectra of the OPDs at different reverse biases are shown in Figure 4b. As 

aforementioned, both two OPDs are optimized for    = 1100 nm, and at this wavelength, they 

achieved record high R = 0.47 and 0.52 A W
1

 at 5 V. To the best of our knowledge, this R value 

at  = 1100 nm is about >3 times higher than a typical commercialized Si photodiode,
[52]

 and >2 

times higher than any binary OPDs in the literature.
[11, 17, 21, 32, 34-35]

 Even at a small bias of 0.1 

V, the photoresponse remains high as R = 0.41 and 0.45 A W
1

 for LBHJ = 245 and 655 nm, at  = 

1100 nm, respectively. In terms of spectral shape, the R and EQE spectra of OPD with LBHJ = 245 

nm are overall “flat” under  = 400  1100 nm range, with the shapes remaining the same 

regardless of reverse biases (Figures S12a and S12b). At a much thicker LBHJ = 655 nm and 

no/low reverse bias of 0.1 V, we found a “valley” in the EQE spectra ranging from  = 600 to 

1000 nm (Figures S12d). This behavior might come from the space-charge collection narrowing 

as the charges generated by the middle wavelength range of 600-100 nm concentrate near the 
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middle of the thick BHJ, and they have a higher chance to be recombined before extraction. 

However, charges can be extracted effectively with a sufficient small external bias of 1 V, as the 

EQE and R spectra shape of thick and thin devices are relatively similar at this reverse bias 

(Figures S12b and S12d). In addition, the EQE at  = 1100 nm of the thicker sample appears as 

a sharp peak, which implies a narrow window of resonant-enhance EQE, while in the thinner 

sample, only a small bump can be observed (see discussion of Figures S2-3 for a detail 

explanation). 

 The noise assessment and specific detectivity are performed carefully to avoid performance 

overestimation. The noise current spectral density (Sn), consists of contributions from shot-noise 

(Ssh), thermal-noise (Sth), and flick-noise (Sf), is depicted in the below equation (with a 

bandwidth of measurement f = 1 Hz),
[17, 53]

  

       
     

    
        

   

   
   

                  

where     represents the shunt resistance, kT is the product of the Boltzmann constant (k) and 

the temperature (T), and q is the elemental charge. For a photodetector with the device area of A, 

its specific detectivity (D*) is defined as, 

   
   

  
                           

The noise current spectral densities (Sn) of our OPDs are experimentally obtained using a fast 

Fourier transform (FFT) of the dark current at 0.1 V and 5 V, respectively (Figure 4c, more 

details can be found in SI, Experiment Section and Figure S13). The contribution of frequency-

independent white-noises (i.e. shot-noise and thermal-noise) is also specified in Table S1. The 
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instrument noise floor is consistently below 610
15

 A Hz
1/2

 (Figure S13), allowing accurate 

evaluation of the noise level of the OPDs. For LBHJ = 245 nm sample, the noise current densities 

at 155 Hz are around 1.410
14

 and 1.110
12

 A Hz
1/2

 at 0.1 V and 5 V, respectively. The 

values decrease to 9.210
15

 and 1.110
13

 A Hz
1/2

 at 0.1 V and 5 V, respectively, when the 

thickness increases to 655 nm. Using the measured Sn at 155 Hz (which is also the frequency 

where the EQE spectra are collected, see Experimental Section), we obtained the specific 

detectivity D* using Equation (3), as illustrated in Figure 4d. At 0.1 V, OPDs with LBHJ = 245 

and 655 nm exhibit peak D* of 1.1  10
13

 and 6.2  10
12

 Jones at  = 1100 nm, respectively, and 

stay > 10
12

 Jones over  = 300 – 1140 nm ranges. At 5 V, both OPDs suffer from high flicker-

noises and high Sn is observed (Table S1), however, D* remains ~10
12

 Jones at  = 1100 nm for 

a thick device. These obtained values of    
  and D* place PTB7-Th:COTIC-4F RCE OPDs 

among the best OPDs for  ≥ 1080 nm in the literature. We will discuss this comparison in more 

detail in a later part of the manuscript. 

Utilizing resonant-optical cavity in inorganic photodetectors
[48, 51]

 and CT-state-based 

OPDs
[30]

 is known for not impairing response time (rise/fall time) as well as  f3dB (the frequency 

at which the output of a detector is attenuated to ~70 % of original amplitude) of the device. 

Particularly in this case, FDTD simulations reveal that the optical resonance is already well-

defined in the ps time scale after light excitation. This time scale is much faster than the response 

times of a typical OPD (s time scale) and therefore no negative effect from the RCE structure 

on the response speed is expected. To evaluate the speed of the photodetector, the transient 

photoresponse behaviors under the illumination of an IR light source (center wavelength  = 

1085 nm) are collected. As shown in Figure S14a, the OPD with LBHJ = 245 nm exhibits sub-s 
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response times even at a small bias of 0.1 V. The OPD with LBHJ = 655 nm requires a much 

larger bias of 5 V to get sub-s response times, and at 0.1 V, both the rise and fall time are 

above 10 s (Figure S14b). The rapid on-off switching times allow the OPDs to follow an 

optical square-wave at a high modulating frequency (Figure S15). By extracting the normalized 

photoresponse as a function of the input signal frequency, we obtain the cutoff frequency (f3dB) of  

~900 kHz (5 V) and ~550 kHz (0.1 V) for LBHJ = 245 nm sample and ~820 kHz (5 V) and 

~60 kHz (0.1 V) for LBHJ = 655 nm sample (Figure 4e and Figure S16), which show a 

consistent trend seen with the response time data. Rapid response time and wide bandwidth of 

this sensing platform are suitable for high-speed image sensing applications
[54]

 and optical 

communications.
[55-56]

 

Besides the sensor speed and applicable bandwidth, the linearity of a photodetector, 

measured by linear dynamic range (LDR), is a key parameter for applications such as image 

sensors. LDR refers to the range of light intensity levels over which photocurrent and light 

intensity shows a linear relation in a log–log plot. Typically, the LDR can be calculated by, 

           
      

      
                          

where Jupper and Jlower are the photocurrent below and beyond which the photocurrent density 

(Jph) – irradiance becomes non-linear. As shown in Figure 4f, Jph under irradiation of 1085 nm 

light of different intensities are presented. At 0.1 V, we obtain LDR of 144 dB and 133 dB for 

the thin and the thick devices, respectively. At 5 V, the LDRs of both OPDs reduce to about 100 

dB, due to the large dark current background which limits the Jlower to >10 nA/cm
2
 level. 

Summarily, by simply matching the active layer thickness to optical resonant conditions of 

the “cavity” formed by the top and bottom contacts, a PTB7-Th:COTIC-4F OPD under 0.1 V 
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can obtain an enhanced-EQE of 50 % and    
  > 10

13
 Jones at  = 1100 nm, while maintains sub-

s response time,  f3dB > 500 kHz, and LDR > 140 dB. Importantly, this approach can be 

straightforwardly applied to any BHJ system and inverted/conventional device architecture. In 

the following section, we showcase an example of using this strategy in reaching a sizable EQE 

at an even further wavelength range of  = 1150-1200 nm. 

2.3. Universality of the approach  

 

Figure 5. (a) Thin film absorbance spectra of IR6 and COTIC-4F NFAs. (b) Responsivity (R) spectra 

of PTB7-Th:IR6 OPDs with different LBHJ optimized for  = 1100, 1120, 1150, 1170, and 1200 nm. 

In order to furtherly extend the spectral sensitivity into the IR range, we employ a novel NFA 

IR6 with a red-shifted thin film absorbance peak compared to COTIC-4F (  50 nm, Figure 

5a). IR6 has acceptor units with stronger electron-withdrawing nature than COTIC-4F has. These 

acceptor units decrease optical bandgap and increase ionization potential at the same time, 

enabling the red-shift with sufficient hole transfer rate from excited NFA to PTB7-Th.  

Remarkably, the EQE spectra of PTB7-Th:IR6 OPD covers a wide spectrum from 300 nm up 

to 1180 nm, with comparable EQE magnitudes to these of PTB7-Th:COTIC-4F OPD (Figure 



 

17 

 

S18). As expected, thickness-dependent EQEs at sub-bandgap wavelengths exhibit several 

resonance modes, with consecutive modes spacing roughly 200-250 nm (Figure S19). 

Representative R spectra (5 V) of OPDs with LBHJ optimized for  = 1100 – 1200 nm are 

presented in Figure 5b. At  = 1100, 1120, 1150, 1170, and 1200 nm, R = 0.55, 0.48, 0.32, 0.20, 

and 0.08 A W
1

 at 5 V, respectively. Even at 0 V, photoresponses at respective  remain high as 

R = 0.43, 0.37, 0.19, 0.09, and 0.05 A W
1

, despite thick BHJs being used. It is worth noting that 

the dark current densities (Jd) of PTB7-Th:IR6 OPDs are only marginally higher than PTB7-

Th:COTIC-4F OPDs at a similar thickness (Figure S20), and are a few orders of magnitude 

lower than these of OPDs based on ultra-narrow bandgap polymer.
[37, 40, 57]

 Therefore, the 

specific detectivity of PTB7-Th:IR6 OPDs remains high (Figures S21-22). In addition, fast 

detection response (< 10 s at 5 V), high cut-off frequencies (f3dB > 100 kHz at 5 V) and wide 

LDR (> 130 dB at 5 V) can be achieved with PTB7-Th:IR6 OPDs. These characterizations can 

be found in the SI, Figures S21-S26. 

As the resonant-enhanced EQEs are universally applicable in different BHJ systems with 

regular/inverted photodiode architectures, it is worth echoing the potential artifacts that might 

arise in analysis using the long-wavelength tail of EQE spectra. Organic solar 

cells/photodetectors are stacks of thin films, which can form low finesse cavities and produce 

“bumps” on the sub-bandgap photovoltaic EQE spectra. These bumps have been experimentally 

shown to emerge in the EQE range of 10
2
  10

0
 (%) in this work, and down to 10

1
  10

7
 (%) if 

a highly-sensitive EQE measurement were employed.
[58-61]

 Optical interference effects induced 

by resonant-cavity can produce akin features which can be confused with CT-state,
[58-59]

 trap 

states,
[60-62]

 and can interfere with Urbach energy
[15]

 determination. 
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Figure 6. (a) EQE and (b) specific detectivity (derived from dark current density Jd or measured noise 

current Sn) of OPDs using NFA as a SWIR absorber with EQE  20 %, covering the wavelength range 

of  = 980 – 1200 nm. The small numbers to the right of each literature data point (solid/open black 

square symbols) are the reversed biases at which the OPDs were reported. Our RCE OPDs based on 

PTB7-Th:COTIC-4F and PTB7-Th:IR6 are among the first NFA-based OPDs reaching EQE > 30 % 

at  = 1100 – 1150 nm.  

Figure 6 visualizes the state-of-the-art performance of NFA-based OPDs with  = 980 – 1200 

nm in the literature, in comparison with commercialized inorganic photodetectors (such as Si and 

InGaAs) and our RCE-based OPDs (data table and references in Figure 6 can be found in Table 

S2). Using PTB7-Th:IR6, we successfully extend the spectral sensitivity to a longer wavelength 
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of ~100 nm in comparison to a commercial Si PD (Figure 6a). In particular, the EQEs of RCE 

OPDs are 67, 60, 49, 35, 19, and 8 % (5 V) at  = 1080, 1100, 1130, 1150, 1180, and 1200 nm, 

respectively. Even without an applied bias, EQEs of  59, 50, 38, 21, 8, and 5 % at  = 1080, 

1100, 1130, 1150, 1180, and 1200 nm are obtained, respectively, which surpass the EQE of the 

existing organic photodiodes in the range of  = 1080 – 1150 nm, to the best of our knowledge. 

Low dark current density Jd and noise current Sn enable high specific detectivity in the range of  

 1200 nm (Figure 6b), which can be comparable to InGaAs photodetector. 

3. Conclusion 

In summary, we demonstrate a simple approach to expand the detection range of OPDs to longer 

wavelengths, by exploiting the low finesse cavity effect in the photodiode stack. By fine-tuning 

the thickness of the PTB7-Th:COTIC-4F active layer, a record sensitivity (R = 0.52 A W
1

) and 

specific detectivity (D* = 1.1  10
13

 Jones) can be obtained at  = 1100 nm, while broadband 

wavelength spectra, bandwidth, speed, and linearity are preserved. By employing a novel NFA 

IR6 with a red-shifted absorbance peak compared to COTIC-4F, we successfully achieve an EQE 

~ 40 % at  = 1150 nm and ~20 % at  = 1180 nm while maintaining Jd well below 100 nA cm
2

 

at 5 V. This study highlights the significance of optical design in optoelectronic devices, 

offering a notably simpler approach to extend the photodetection range compared to 

conventional methods that rely on developing absorbers with extremely low optical gaps. 
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Supplementary Information 

 

Experimental Section 

Materials  

The full names of the materials used are as follows: 

PTB7-Th: poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’] ithiophene-2,6-diyl-

alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] 

COTIC-4F: 2,2'-((2Z,2'Z)-((5,5'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-

2,6- diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-diyl))bis(methanylylidene))bis(5,6-difluoro-3-

oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile 

All reagents were used as received without further purification. Zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O was purchased from Honeywell. 2-methylimidazole was purchased from 

TCI chemical. 2-methoxyethanol and ethanolamine were purchased from Sigma-Aldrich. N,N-

Dimethylformamide was purchased from EMD Millipore. The donor polymer, PTB7-Th, was 

purchased from 1-Materials (Lot No. SX-8015A, molecular weight ~120k). The non-fullerene 

acceptor (NFA) COTIC-4F was synthesized following a literature procedure.
[1]

 MoOx and silver 

(Ag) pallets for thermal evaporation were obtained from Sigma-Alrich and Kurt J. Lesker 

company, respectively. 

  

Device fabrications 

Indium tin oxide (ITO) substrates (~130 nm, 15 /sq) were cleaned by scrubbing with a 

commercial detergent, then ultrasonicated in deionized water, acetone, and 2-propanol for 20 
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min, respectively. The cleaned substrates were dried in an oven at 130 °C for 30 minutes and 

treated under a UV-ozone lamp for 20 minutes. The sol-gel precursor solution for ZnO was 

prepare  by mixing 100 mg of zinc acetate  ihy rate an  60 μL of ethanolamine in 1 mL of 2-

methoxyethanol, followed by stirring at 60 °C for 1 h. Immediately after the ozone treatment, 

sol-gel precursor solution for ZnO was spin-casted onto an ITO substrate at 2000 rpm for 30 s, 

followed by annealing at 200 °C for 1 h. After the ZnO film was formed and cooled down, we 

modified the surface of ZnO (m-ZnO) using 2-methylimidazole. Firstly, 5 mg of 2-

methylimidazole was dissolved in dimethylformamide (DMF). Then, the solution was spin-

coated onto the ZnO film with a spin speed of 2000 rpm for 60 s, followed by annealing at 80 °C 

for 1 h. The substrates of ITO/m-ZnO are loaded into a glovebox filled with nitrogen for the 

spin-casting of the active layer. The active layer solutions of PTB7-Th:NFA (1:1.5 weight ratio) 

in chlorobenzene:1-chloronaphthalene (98:2, v/v) at different concentrations were stirred 

overnight (35 mg/ml, stirred at room temperature and 45 mg/ml, stirred at 40 C) and spun-

coated at different speeds (500 to 1500 rpm for 2 minutes) to obtained varied thicknesses ranging 

from 160 nm to 810 nm. All the substrates were then soft-baked at 80 C for 5 minutes to remove 

the residual solvent. Afterward, the substrates were loaded into a high vacuum chamber (< 10
-6

 

torr), and 7 nm MoOx and 100 nm Ag were thermally evaporated to form the hole transporting 

layer and the top electrode. The effective device area is 4.7 mm
2
.      

 

Finite-difference time domain (FDTD) method simulations 

FDTD calculations of OPD stacks were carried out using commercial software (Lumerical 

FDTD Solutions).
[2]

 2D simulation region was indicated as in Figure S1 with optical parameters 

of ITO, ZnO, MoOx, and Ag taken from ref. 
[3]

.; optical parameters of the active layer were 
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experimentally obtained by optical ellipsometry as shown in Figure 1a. The refractive index of 

glass was set to 1.5. The mesh size of 5 nm  1 nm was chosen. The idea EQE spectra were 

modeled based on the methodology shown in ref. 
[4]

. We assume that each photon absorbed by 

the active layer will generate an electron-hole pair and the extraction rate was set at 100 % (no 

loss). A 2D frequency-domain profile and power monitor (yellow rectangle, Figure S1) recorded 

the photon absorption as well as the electric field profile at the cross-section of the active layer. 

The optical transmission of the OPD was captured by another 1D frequency-domain profile and 

power monitor (orange line, Figure S1) set near the top of the simulation box.  

 

 

Figure S1. A schematic of device structure and finite-difference time domain (FDTD) 

simulation setup.  
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Device characterizations 

The current-voltage (J-V) characteristics were measured by a Keithley 4200 semiconductor 

characterization system (SCS). The external quantum efficiency (EQE) spectra were taken with a 

custom-built setup including a 75-watt Xenon light source coupled with a monochromator and an 

optical chopper (chopping frequency was set at 155 Hz). A reference Si photodetector (NIST-

calibrated Newport 818-UV Si photodiode) and a Ge photodetector (NIST-calibrated Newport 

818-IR Ge photodiode) were used for calibration. The photocurrent was amplified using an 

SR570 low-noise pre-amplifier (Stanford Research System) and the output voltage signals were 

measured using an SR810 lock-in amplifier (Stanford Research System). 

For linear dynamics range (LDR), f3dB cut-off frequency, and rise/fall time measurements, 

light-emitting diodes with an emission center wavelength of 1085 nm (LED1085L, Thorlabs) 

were used to illuminate the samples. For LDR measurement, the irradiance-dependent 

photocurrents from the OPDs were collected by Keithley 4200-SCS. For f3dB cut-off frequency 

and rise/fall time measurements, the light sources were modulated at different frequencies by a 

DS345 function generator (Stanford Research Systems). The output photocurrent from OPDs 

was then amplified by an SR570 low-noise amplifier (Stanford Research System) in high-

bandwidth mode and eventually recorded by a DSOX3022T oscilloscope (Keysight 

Technologies). 

The noise measurements of the devices were performed in the dark and the sample holder 

was shielded by a metal box to suppress the electromagnetic noises. The dark currents of the 

OPD at different external biases were amplified by a DLPCA-200 low-noise amplifier (FEMTO 

Messtechnik GmbH) and noise spectra were captured using a DSOX3022T oscilloscope operated 

with fast Fourier transform analysis.  
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Thin film characterizations 

The thicknesses of the samples were collected with an Ambios XP-100 profilometer. AFM 

images in tapping mode were taken using a Bruker Multimode AFM 8 setup, using AFM tips 

with a force constant of 40 N/m and resonance frequency of c.a. 300 kHz. 

Two-dimensional  (2D) GIWAXS measurements were carried out at the PLS-II 5A beamline of 

the Pohang Accelerator Laboratory (PAL) in South Korea. The 2D images were taken by using a 

Mar 3450 CCD detector with a sample-to-detector distance of 414.415 mm at 11.57 keV (1.07 

156 Å)   he inci ence angle (αi) of the X-ray beam was selected between the critical angles of 

the thin film and substrate. 
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Analytic formulas of RCE OPDs 

 

Figure S2. A schematic of bottom-illuminated RCE OPD with bottom contact acting as front 

mirror/interface and top contact acting as back mirror/interface. 

Based on an analytical model for RCE photodetector proposed by Kishino et al.,
[5]

 Tang et al. 

simplified and used the model to estimate photodetection parameters of a CT-state-based OPD 

with an active layer sandwiched between two mirrors.
[6]

 Here, we adapt the model presented in 

ref. 
[6]

 to explain some observations found in our RCE OPDs.  

The absorption (A) in the active layer of the cavity can be estimated as follows,
[6]

  

  
            

   

         
       

    
 

       
    

                     

where L and n are the thickness and effective refractive index of the medium between two 

mirrors, respectively;    and    are the reflectance of the front and the back mirror, respectively; 

   and    are the optical depths of the front and the back mirror, respectively;  

                  is the effective absorption coefficient;                      is 

the fraction of light absorbed by a single pass through a non-enhanced active layer; and      is 

the absorption coefficient of the stand-alone active layer. 
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At the resonance condition, i.e. when    
   

 
 or     

    

 
   , the absorption at the 

resonance wavelength now becomes, 

      
            

   

         
     

                     

The full width at half maximum (FWHM) of       peak can be found by solving for   at 

       , using Equation (S1) and (S2), 

     

 
 

            
   

         
     

   
            

   

         
       

    
 

       
    

            

 

Figure S3. FWHM (  ) of resonant-enhanced absorption peak       as a function of the 

reflectance of the front mirror   , using Equation (S4). 

From Equation (S3), the FWHM value (  ) can be estimated as, 
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In Figure S3, we show    as a function of the reflectance of the front mirror    using 

Equation (S4), assuming that            ,     , and    1, 2, 3, and 4 when    80, 

280, 480, and 680 nm, respectively. Two clear trends that one can observe: (i)    decreases as    

increases, regardless of mode order m, and (ii) with the same value of   , an EQE peak with 

higher mode order is narrower. We can observe (ii) experimentally when comparing the EQE 

spectra near  = 1100 nm of the LBHJ = 245 nm (m = 2) and LBHJ = 655 nm (m = 4) samples. The 

EQE at 1100 nm of the thicker sample appears as a sharp peak, which implies a narrow window 

of resonant-enhance EQE, while in the thinner sample, only a small bump can be observed 

(Figures S11a and S11d). 
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Figure S4. (a) Top: optical refractive index and extinction coefficient of PTB7-Th:COTIC-4F 

BHJ used for FDTD calculation. Bottom: Schematic of a stand-alone BHJ thin film. Photons 

with  < g are strongly absorbed due to the high extinction coefficient of BHJ. Photons with 

 > g are weakly absorbed and transmitted through the film. (b) Time-average intensity map 

of local electric field |E/E0|
2
 at the cross-section of a stand-alone BHJ film (LBHJ = 280 nm).  
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Figure S5. FDTD calculated time-average intensity map of the local electric field, at the 

cross-section of the OPD active layer with thicknesses of 80, 280, 480, and 680 nm, which 

supports resonance mode order m = 1, 2, 3, and 4 at    = 1100 nm, respectively. 

 

Figure S6. Calculated EQE versus active layer thickness at different , extract from Figure 

2b. 
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Figure S7. A schematic of the device structure used for FDTD calculation is illustrated in (a). 

Calculated EQE spectra as a function of (b) ZnO layer thickness, (c) Ag top electrode 

thickness, and (d) MoOx layer thickness.  
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Figure S8. (a) Dark J-V characteristics and (b) Jd at 5 V of PTB7-Th:COTIC-4F OPDs with 

different active layer thicknesses. 

 

Figure S9. (a) Bias-dependent EQE and    
  (@ 1100 nm) of PTB7-Th:COTIC-4F OPDs 

with LBHJ = 245 and 655 nm. (b) Experimental EQE spectra (@0 V) and (c) Rc = 

EQE0V/EQE5V of PTB7-Th:COTIC-4F OPDs with active layer thickness from 160 nm to 
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810 nm.  

 

Figure S10. Tapping-mode atomic force microscope (AFM) images of the PTB7-Th:COTIC-

4F BHJ films with (a-b) LBHJ = 245 nm and (c-d) LBHJ = 655 nm. Scan size of AFM images in 

(a) and (c) is 5 m  5 m, and the scan size of AFM images in (b) and (d) is 2 m  2 m. 
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Figure S11. 2D GIWAXS images from the PTB7-Th:COTIC-4F blend films with two 

different thicknesses: (a) 245 nm and (b) 655 nm. (c) The out-of-plane and in-plane cuts are 

extracted from the 2D GIWAXS images.   
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Figure S12. (a) EQE spectra, (b) R spectra, and (c)    
  of PTB7-Th:COTIC-4F OPD with 

LBHJ = 245 nm at different reverse biases. (d) EQE spectra, (e) R spectra, and (f)    
  of 

PTB7-Th:COTIC-4F OPD with LBHJ = 655 nm at different reverse biases.  

We provide the shot-noise-limited specific detectivity at different reverse biases (   
  

 

     
), which can be derived directly from the dark current density (Figure S12c and f). It is 

worth noting that    
  is now widely used as a figure of merit for a simple comparison between 

OPD performances, rather than an estimation of the specific detectivity (D*).
[7]

  At a small bias 

of 0.1 V, both OPDs reach    
  > 10

13
 Jones at  = 1100 nm, and > 10

12
 Jones over a broad 

wavelength range of 300 – 1150 nm. At a large reverse bias of 5 V, thicker OPD benefits from 

much lower dark current density and the    
  at  = 1100 nm remains at 4.7  10

12
 Jones, which 

is about half an order of magnitude higher than the    
  of the thinner one (1.2  10

12
 Jones). 
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Figure S13. Measured noise current as a function of the frequencies at different applied 

biases for PTB7-Th:COTIC-4F OPDs with different active layer thicknesses. Blue and black 

dash lines represent the white noise levels         
     

  at 0.1 V and 5 V as 

summarized in Table S1, respectively.  
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Table S1. Summary of noise current for PTB7-Th:COTIC-4F OPDs with different active 

layer thicknesses. 

Reverse 

bias  

(V) 

Active layer 

thickness  

(nm) 

             

(A Hz
1/2

) 

          

(A Hz
1/2

) 

           

(A Hz
1/2

) 

            @ 

155 Hz 

(A Hz
1/2

) 

0.1 

245 4.81E-15 9.12E-15 1.03E-14 1.44E-14 

655 2.00E-15 6.72E-15 7.01E-15 9.24E-14 

720 2.05E-15 7.46E-15 7.74E-15 9.62E-14 

810 2.20E-15 7.38E-15 7.70E-15 9.31E-14 

5 

245 4.81E-15 8.28E-14 8.29E-14 1.09E-12 

655 2.00E-15 2.43E-14 2.44E-14 1.02E-13 

720 2.05E-15 2.12E-14 2.13E-14 8.38E-14 

810 2.20E-15 2.15E-14 2.16E-14 8.69E-14 

Instrument background noise @ 155 Hz 5.56E-15 

 

 

Figure S14. Transient responses under the illumination of a 1085 nm LED light source, and 

extracted rise/fall time as a function of reverse bias of PTB7-Th:COTIC-4F OPDs with (a) 
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LBHJ = 245 nm and (b) LBHJ = 655 nm.  

 

Figure S15. Photoresponse at different frequencies and reverse biases of PTB7-Th:COTIC-

4F OPDs with LBHJ = 245 and 655 nm (under the illumination of a 1085 nm LED light 

source).  
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Figure S16. Normalized photoresponse as a function of input signal frequency and reverse 

bias of PTB7-Th:COTIC-4F OPDs with (a) LBHJ = 245 nm and (b) LBHJ = 655 nm.  

 

Figure S17. Specific detectivity D* spectra (derived from Sn) of PTB7-Th:COTIC-4F OPDs 

with different active layer thicknesses and under different reverse biases.  
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Thickness optimization of PTB7-Th:IR6 OPDs 

 

Figure S18. (a) Linear plot and (b) semilog plot of EQE spectra at 5 V of PTB7-Th:IR6 

OPDs with different LBHJ. (c) Linear plot and (d) semilog plot of EQE spectra at 0 V of 

PTB7-Th:IR6 OPDs with different LBHJ. 
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Figure S19. EQE (5 V) of PTB7-Th:IR6 OPDs versus active layer thickness at different , 

extract from Figure S18. 

 

 

Figure S20. (a) Dark J-V characteristics and (b) Jd at 5 V of PTB7-Th:IR6 OPDs with 

different active layer thicknesses. 
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Figure S21. Measured noise current as a function of the frequencies at different applied 

biases for PTB7-Th:IR6 OPDs with different active layer thicknesses. Green and black dash 

lines represent the white noise levels         
     

  at 0.1 V and 5 V, respectively. 
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Figure S22. Specific detectivity D* spectra (derived from Sn) of PTB7-Th:IR6 OPDs with 

different active layer thicknesses and under different reverse biases.  

 

Figure S23. Transient responses under the illumination of a 1085 nm LED light source, and 

extracted rise/fall time as a function of reverse bias of PTB7-Th:IR6 OPDs with (a) LBHJ = 

245 nm, (b) LBHJ = 471 nm, and (c) LBHJ = 883 nm.  
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Figure S24. Photoresponse at different frequencies and reverse biases of PTB7-Th:IR6 

OPDs with LBHJ = 245, 471, and 883 nm (under the illumination of a 1085 nm LED light 

source).  
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Figure S25. Normalized photoresponse as a function of input signal frequency and reverse 

bias of PTB7-Th:IR6 OPDs with (a) LBHJ = 245 nm, (b) LBHJ = 471 nm, and (c) LBHJ = 883 

nm.  
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Figure S26. Linear dynamic range (LDR) at  = 1085 nm of PTB7-Th:IR6 OPDs with (a) 

LBHJ = 245 nm, (b) LBHJ = 471 nm, and (c) LBHJ = 883 nm. Applied bias is 0.1 V. 
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Table S2. NFA-based OPDs presented in Figure 6. 

NFA-based  

BHJ 

EQE  

(%) 

   or    
  

(Jones) 
Broad-

band? 

Ref. 

Value Bias  Value Bias  

PTB7-Th:COTIC-

4Cl:PC71BM 

~42 0 1060 6.00E+12 0.1 1060 Yes [8] 

PTB7-Th:NTQ 30 0.1 1000 3.72E+12 0.1 1000 Yes [9] 

PTB7-Th:COTIC-

4F:Y6 

48 0.1 1060 2.10E+13 0.1 1060 Yes [10-11] 

PD-940 ink 74 4 1000 6.60E+12 4.0 1000 Yes [12] 

PD-940 ink 

27.3 0 1030 1.91E+12 0.0 1030 Yes 

[13] 70.7 4 1030 2.74E+12 4.0 1030 Yes 

77.2 10 1030 4.6E+12 10.0 1030 Yes 

PTB7-Th:COTIC-

4F 

18 0 1096 6.59E+12 0.0 1096 No 

[14] 

PTB7-

Th:SiOTIC-4F 

20 0 1026 1.23E+13 0.0 1026 No 

PTB7-Th:IEICO-

4F 

18 0 980 7.02E+12 0.0 980 No 

PD-940 ink 53 8 1080 2.34E+12 8.0 1080 No [15] 

PTB7-Th:COTIC- 58.6 0 1060    Yes This 
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4F 
58.9 0 1080    Yes 

work 

50 0 1100    Yes 

30.8 0 1120    Yes 

25.9 0 1130    Yes 

16.3 0 1140    Yes 

7.03 0 1160    Yes 

5.4 0 1180    Yes 

1.96 0 1200    Yes 

67.3 5 1060    Yes 

67.2 5 1080    Yes 

59.2 5 1100    Yes 

37.4 5 1120    Yes 

33.6 5 1130    Yes 

20.2 5 1140    Yes 

8.44 5 1160    Yes 

PTB7-Th:COTIC-

4F 

7 5 1180    Yes 
This 

work 
2.67 5 1200    Yes 
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   1.40E+13 0.1 1100 Yes 

   6.86E+12 0.1 1130 Yes 

   2.00E+12 0.1 1150 Yes 

   1.50E+12 0.1 1180 Yes 

   
1.1E+13 

(Sn derived) 

0.1 1100 Yes 

   
5.3E+12 

(Sn derived) 

0.1 1130 Yes 

   
1.5E+12 

(Sn derived) 

0.1 1150 Yes 

   
1.2E+12 

(Sn derived) 

0.1 1180 Yes 

PTB7-Th:IR6 

48.9 0 1100 
   Yes 

This 

work 

48.1 0 1110 
   Yes 

41.4 0 1120 
   Yes 

37.8 0 1130 
   Yes 

20.5 0 1150 
   Yes 

PTB7-Th:IR6 

16.6 0 1160 
   Yes 

This 

work 

9.7 0 1170 
   Yes 

8.2 0 1180 
   Yes 
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5.9 0 1190 
   Yes 

4.6 0 1200 
   Yes 

3.3 0 1210 
   Yes 

2.3 0 1220 
   Yes 

60.1 5 1100 
   Yes 

59.6 5 1110 
   Yes 

53.3 5 1120 
   Yes 

49.4 5 1130 
   Yes 

35 5 1150 
   Yes 

28.3 5 1160 
   Yes 

22.4 5 1170 
   Yes 

19.1 5 1180 
   Yes 

10.7 5 1190 
   Yes 

8.34 5 1200 
   Yes 

PTB7-Th:IR6 

6.02 5 1210 
   Yes 

This 

work 

3.74 5 1220 
   Yes 

   
6.1E+12 0.1 1130 Yes 



 

54 

 

(Sn derived) 

   4.1E+12 

(Sn derived) 

0.1 1150 Yes 

   1.5E+12 

(Sn derived) 

0.1 1180 Yes 

   9.4E+11 

(Sn derived) 

0.1 1200 Yes 
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