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Abstract 
With the rapid development of organic semiconductors, organic photodetectors based on bulk heterojunctions are becoming more and more reliable. 
Compared with the detector devices made of inorganic semiconductors, organic photodetectors are granted with additional strengths, such as 
flexibility, high scalability and bio-compatibility. However, in the family of organic optoelectronic devices, the detectors that are capable of 
detecting photons at two or multiple specific wavelengths are still missing. Such photodetectors are highly interesting because they could identify 
the target objects or materials much more precisely by detecting the reflected, transmitted or emitted photons at two or multiple characteristic 
wavelengths. In this thesis project, the optical simulations using Transfer Matrix Method (TMM) were performed on the organic devices to achieve 
the dual wavelength narrowband detection in the near-infrared (NIR) spectral range of 700 ~ 1100 nm. The devices use the fact that, at the interface 
of the blended organic electron donating and accepting materials, the charge-transfer (CT) states with the transition energies that are lower than the 
optical gap of the neat materials are formed. Combined with a Fabry-Perot resonant cavity, the CT absorption can be dramatically enhanced at 
certain wavelengths. The simulation results show that the two detection wavelengths can be tuned independently from 650 to 1100 nm. The spectral 
resolution (full with at half maximum - FWHM) of the detection bands varies between 10 and 30 nm. The simulated external quantum efficiency 
(EQE) is ~35% at 700 nm and ~10% at 1000 nm, respectively. A possible application of such photodetectors is for example moisture detection, 
where two of the characteristic absorption peaks of water are located at around 750 and 960 nm. By optimizing the thickness of the two photo-
absorbing layers in a tandem device structure, the detection bands can be tuned to match with those two wavelengths for simultaneous and precise 
detection. 
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Abstract  

With the rapid development of organic semiconductors, organic photodetectors based on bulk 

heterojunctions are becoming more and more reliable. Compared with the detector devices 

made of inorganic semiconductors, organic photodetectors are granted with additional 

strengths, such as flexibility, high scalability and bio-compatibility. However, in the family of 

organic optoelectronic devices, the detectors that are capable of detecting photons at two or 

multiple specific wavelengths are still missing. Such photodetectors are highly interesting 

because they could identify the target objects or materials much more precisely by detecting 

the reflected, transmitted or emitted photons at two or multiple characteristic wavelengths. In 

this thesis project, the optical simulations using Transfer Matrix Method (TMM) were 

performed on the organic devices to achieve the dual wavelength narrowband detection in the 

near-infrared (NIR) spectral range of 700 ~ 1100 nm. The devices use the fact that, at the 

interface of the blended organic electron donating and accepting materials, the charge-transfer 

(CT) states with the transition energies that are lower than the optical gap of the neat materials 

are formed. Combined with a Fabry-Perot resonant cavity, the CT absorption can be 

dramatically enhanced at certain wavelengths. The simulation results show that the two 

detection wavelengths can be tuned independently from 650 to 1100 nm. The spectral 

resolution (full with at half maximum - FWHM) of the detection bands varies between 10 and 

30 nm. The simulated external quantum efficiency (EQE) is ~35% at 700 nm and ~10% at 

1000 nm, respectively. A possible application of such photodetectors is for example moisture 

detection, where two of the characteristic absorption peaks of water are located at around 750 

and 960 nm. By optimizing the thickness of the two photo-absorbing layers in a tandem 

device structure, the detection bands can be tuned to match with those two wavelengths for 

simultaneous and precise detection. 
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1 General Introduction 

As a sensor of light or other electromagnetic energy, traditional inorganic photodetectors are 

widely utilized in environmental monitoring, medicine, military and industry applications. 

They are for example employed for signature analysis, missile tracking, night vision, thermal 

imaging, medical and bio-medical diagnosis, etc. [1,2,3] With the development of organic 

semiconductors, organic photodetectors using bulk heterojunctions (BHJ) have attracted a lot 

of attentions, due to their interesting properties, such as flexibility, high scalability, bio-

compatibility, and environmental-friendly. [4] With these advantages, organic photodetectors 

could be particularly useful for wearable devices, biomedical sensing and bio-integration, etc.. 

 

Recently, the narrowband photodetectors using solution processable materials at the detection 

wavelengths situated in the visible range (less than 700 nm) have been reported. [5, 6] 

However, the full width at half maximum (FWHM) of these devices is still rather high (~ 100 

nm), [7, 8] due to likely a lack of the spectral tunability over a sufficiently large wavelength 

range.  

 

Therefore, new techniques to manufacture organic photodetectors with a wavelength 

tunability, narrow spectral resolution, and high EQE are of high interesting. Moreover, such 

narrowband organic photodetectors can be promising candidates to provide spectral 

information in a compact way. In this thesis project, the model simulations of the organic 

near-infrared photodetectors with the implementation of the resonant cavity enhancement 

(RCE) and CT absorption were carried out, in order to get a high selectivity and tunability in 

the wavelength range of 650 ~ 1100 nm. The thesis project covers three organic photodetector 

architectures, which are (1) single narrowband organic photodetectors, (2) tandem dual 

narrowband organic photodetectors with PEDOT:PSS as an intermediate electrode, and (3) 

tandem dual narrowband organic photodetectors with gold (Au) as an intermediate electrode 

(mirror). The simulation results show that the tandem photodetectors with Au as an 

intermediate electrode yield two independent detection wavelengths that can be tuned from 

650 to 1100 nm. The spectral resolution varies between 10 and 30 nm. Moreover, even at a 

detection wavelength of ~1000 nm, the EQE is still larger than 10%. Such photodetectors can 

be utilized, for example, to detect moisture. In this case, two of the characteristic water 
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absorption wavelengths at 750 and 960 nm can be detected simultaneously and precisely by 

varying the thickness of the two photo-absorbing layers in a tandem device. 

 

In chapter 2, the basic theories of RCE and CT absorption are presented together with some 

notable formulae, forming the theoretical backbone of the narrowband organic photodetectors 

in this thesis project. After this, the Transfer Matrix Method (TMM) utilized for the 

simulations of multi-layer optical devices is outlined. The materials and device architectures 

simulated are detailed in chapter 4. Chapter 5 summarizes the simulation results and 

discussions. Chapter 6 lays out some possible applications of the organic photodetectors. 

Some conclusions of the thesis project are given in chapter 7, and finally an outlook is also 

made in chapter 8. 



  3 

 

2 Theoretical Framework  

 
This chapter includes the fundamental theories, which can help to understand the designing 

and working principle of the cavity enhanced organic photodetectors. The history and 

principle of the RCE effect, and the theory and properties of the CT states are given in 

Sections 2.1 and 2.2, respectively. The implementation of the RCE and CT state absorption is 

summarized in Section 2.3. Finally, the formulations that illustrate the relationship among the 

EQE, absorption coefficient, and cavity thickness are also outlined.       
  

2.1  Resonant Cavity Enhanced Effect  

The fundamental physics of RCE was studied by A. Perot and C. Fabry in 1899, [9] in which 

incident light with certain frequencies was selected and confined in an optical resonator with 

two parallel mirrors as an interferometer, which is nowadays known as a Fabry-Perot etalon. 

[10] The selected and confined light is reflected back and forth in the resonator, resulting in 

the optical field enhancement when those two light beams interfere constructively. The RCE 

effect has been successfully used in many optoelectronic devices, such as lasers and resonant 

photo-detectors, etc. [11, 12] 

 

Figure 2-1 illustrates the working principle of a Fabry-Perot etalon. The incident light will be 

split into two beams at the mirror interface, one is reflected back by the internal surface and 

another is transmitted through the interface into the other medium. In the case of absence of 

an absorber, the transmittance T of the etalon is the complement of reflectance R, i.e. T + R = 

1. The transmission through the interface can be varied from zero to one. Hereby, if we 

reduce the transmittance T, the reflectance R will be increased. The reflected beam 

continuously propagates along the medium within the etalon, and the reflection and 

transmission occur again at the interface of another mirror. The in-phase constructive 

interference of light due to the multiple reflected beams results in the optical resonance.  
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Figure 2-1 The schematic illustration of a Fabry-Perot etalon. Incident light which 

perpendicular to the internal reflecting surfaces is partially reflected (R) and partially 

transmitted (T1 and T2). The reflected light that goes inside the etalon is enhanced because of 

the multiple internal reflections.  

 
The first three order resonances in a Fabry-Perot resonator are depicted in Figure 2-2. To 

obtain the constructive interference for resonance, the phase difference between the forward 

and backward beams needs to be an integer multiple of 2π. . The phase difference does not 

only depend on the mirror reflection, but also the propagation velocity (i.e. the radiative 

wavelength dependence) and the mirror separation L. Only in the condition that L is an 

integral multiple times of the half wavelength, the resonance of the multi-beam reflection 

occurs. If the refractive index of the medium between two mirrors is n, the resonance 

wavelength λm will be: 

 𝜆" =
2𝐿𝑛
𝑚  (2-1) 

 

Where, the integral number m stands for the resonance order (the mode number). For m = 1, m 

= 2 and m = 3, the corresponding wavelengths are λ1, λ2 and λ3, respectively, while λ1 > λ2 > 

λ3. 
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Figure 2-2 The first three order resonances due to the constructive interference in a Fabry-

Perot resonator. [13] 
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2.2 Charge-Transfer States 

CT states are formed at the interface of the electron-donating (donor) and electron-accepting 

(accepter) materials. Compared with the optical gap of the neat material, CT states have a 

lower transition energy, meaning that CT states could absorb the light with lower energy. The 

following parts introduce the generation, properties, and detection methods of CT states.  

 

 
 

Figure 2-3 The schematic presentation of energy levels at the donor/acceptor (D/A) interface.  

The generation processes of exciton and CT state are illustrated. For the former, an electron 

is excited from the HOMO to the LUMO of the donor material by photo-absorption. For the 

CT states, an electron can be excited from the HOMO of donor to the LUMO of acceptor. 

Alternatively, CT states are formed via the electron transfer from donor to acceptor.  

 
2.2.1 Two Processes of Exciton Generation 

Generally, in the organic photo-absorbing layer, after absorbing a photon with the energy of 

hv ≥ Eg = ELUMO – EHOMO, an exciton is produced when the electron is excited from the 

HOMO to LUMO, while leaving a hole in the HOMO (excitonic generation). Continually, the 

exciton transfers to the interface of the two materials where the energy discontinuities in both 

the LUMOs and HOMOs cause the exciton to dissociate. As the electron falls to the LUMO 

of the material with a lower energy, this material is called “the acceptor” or electron-

accepting material. Similarly, the material with a higher HOMO energy tends to lose the 
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electron, i.e., acting as “the donor” or electron donating material. As illustrated in Figure 2-3, 

the CT states are formed at the interface of the donor and accepter materials. [14]  

 
The relationship between the transition energy 𝐸)*  and binding energy 𝐸+)*  of CT states is 

given by Equation (2-2): 

 

 𝐸)* = 	𝐸)- +	𝐸+)* (2-2) 

 

Where, 𝐸)- = 	𝐼𝑃1 −	𝐸𝐴4, in which 𝐼𝑃1 is the ionization potential of donor, and 𝐸𝐴4 is the 

electron affinity of acceptor. 

 

If an electron in the HOMO of the donor material is directly excited to the LUMO of the 

accepter material near the interface, CT states are generated directly. The required energy for 

CT state generation in this case is lower than that in the neat materials. As specified in Figure 

2-3, 𝐸+567 is the energy required for exciton binding , while 𝐸+)* is the CT state binding energy. 

These two binding energies are having a tight relationship with the Coulomb binding energy 

Ec, which is defined by Equation 2-3. If the 𝐸+)* is larger than the Coulomb binding energy, 

the electron-hole pair could be fully separated. This discretion is also suitable for 𝐸+567. [15, 

16]   

 

 𝐸7 = 	
𝑞9

4𝜋𝜀=𝜀>𝑟
 (2-3) 

 

where:  

	𝑞:  charge of an electron; 

 𝜀=: dielectric constant of surrounding medium 

 𝜀>: vacuum permittivity  

	𝑟: distance between electron and hole in an exciton  
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2.2.2 Energy Level Comparison of Singlet States to CT States  

Figure 2-4 illustrates the processes of the charge generation, transition, dissociation and 

recombination at the bulk heterojunction interface that is corresponding to the two conditions 

described in Figure 2-3. After excitation from ground state (GS) to singlet excited states (S1), 

electrons are first transferred to CT state (process 1), and then dissociated from CT states to 

free states (FC, process 2). During these processes, electrons can also be either excited from 

CT states back to S1 (process 3), or relaxed to lower energy triplet states (T1, process 4). 

Moreover, as the CT sates are the intermediate states between S1 and FC, electrons can be 

excited directly from GS to CT states as well. Compared to the energy position of S1, the CT 

states have a lower energy level, implying that lower energy (long wavelength) photons can 

be used to generate excitons.     

 

 

Figure 2-4 Schematic diagram (a) and energy level diagram (b) photogenerated carriers at 

the interface of donor (rod-shaped) and accepter (ball-shaped). [14]  

 

2.2.3 Detection of Absorption and Emission at CT States 

The excitation of CT states results in the absorption of photons with the energy lower than the 

optical gap of the neat materials, while introduces a red shift of the CT related photon 

emission and absorption of donor/acceptor blended materials. However, as the CT states have 

a relatively low transition energy, it is difficult to measure them by utilizing some 

conventional experimental methods. L. Goris et al. [17] reported that Photothermal Deflection 
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Spectroscopy (PDS) is capable of detecting the absorption of CT states from the conjugated 

polymers MDMO-PPV, PCBM, as well as MDMO-PPV blended with PCBM. Figure 2-5 

illustrates that the measured absorption coefficients of both MDMO-PPV and PCBM are very 

low (102 and 103 cm-1) in the spectral range of 1.1～1.54 eV. However, the absorption of the 

blended MDMO-PPV:PCBM (ratio 1:4) is increased dramatically from 103 to 5×104 cm-1. 

The improved absorption property indicates that the interaction of the D/A materials 

constructs CT states, which thus extend the absorption edge towards a low energy spectrum.    

 
Figure 2-5 Absorption coefficients measured by Photothermal Deflection Spectroscopy (PDS) 

and Transmission/Reflection standard spectroscopy. [17] At the energy range of 1.1 ~ 1.54 

eV, the absorption of MDMO-PPV (donor) and PCBM (acceptor) are very low, while the 

absorption of the blended MDMO-PPV: PCBM (1: 4) is much higher than that of the both 

single materials in the same energy range, implying the formation of CT states at the D/A 

interface.  
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2.3 Resonant Cavity Enhanced CT Absorption  

As discussed in Section 2.2, although the absorption in the low energy spectrum can be 

enhanced in the normally blended bulk heterojunction materials due to the existence of CT 

states over a large D/A interface, the absorption coefficient is still low in the NIR spectral 

range (see Figure 2-5). By utilizing a Fabry-Perot resonant cavity, the optical field inside the 

cavity can be enhanced due to resonance, which can promise a high EQE of photodetection 

even if the photo-absorbing layer has a low absorption coefficient. Hence, we construct a 

narrowband NIR photodetector by placing a bulk heterojunction photo-absorbing layer with 

CT absorption at the NIR spectral range inside the Fabry-Perot resonant cavity, [18, 19] as 

illustrated in Figure 2-6. With a proper design, light can penetrate through the top 

semitransparent mirror but highly reflected by the thick bottom mirror, enabling light 

confinement at certain resonant wavelengths in the cavity. The optical field will then be 

enhanced due to resonance, resulting in a significant increase (up to 60 times) of absorption 

with a narrow FWHM and a large EQE in the corresponding wavelengths. [20]  

 

 
Figure 2-6 The schematic diagram of the generalized photodetector.[18] The reflecting 

mirrors can be made of metal (e.g. Au and/or Ag are used in this thesis project) or distributed 

Bragg reflectors (DBR) 
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Based on the generalized RCE photodetector structure (see Figure 2-6) proposed by Ünlü et 

al., [18] the external quantum efficiency of a resonant photodetector can be calculated using 

Equation (2-4) : 

 

 𝜂	 = 	
𝑒CDEFGH 	+ 	𝑒CDEFGI𝑅9𝑒CDKGK

1	 − 	2 𝑅M𝑅9 𝑒CDKGK 𝑐𝑜𝑠 2𝛽𝐿	 + 	𝜓M 	+ 		𝜓9 	+ 	𝑅M𝑅9𝑒C9DKGK
×	(1	 − 	𝑅M)(1	 − 	𝑒CDU) (2-4) 

 

where, 𝑎	and	𝑑  are the absorption coefficient and thickness of the photo-absorbing layer, 

respectively, and 𝑎7 is the critical absorption coefficient of the entire device:  

 

 𝑎7 	= 	
𝛼"M𝑙M + 𝑎56𝐿M 	+ 	𝑎𝑑	 +	𝑎56𝐿9 + 𝛼"9𝑙9

𝐿7
 (2-5) 

 

Where, 𝑎56 is the absorption coefficient of two transport layers with the thickness of L1 and L2, 

respectively. 𝛼"M	and	𝛼"9  are the absorption coefficient of the two mirrors, which can be 

calculated using the extinction coefficient k (the imaginary part of the complex refractive 

index), i.e. 	𝛼" = ]^_
`

.  The effect of the metal absorption is characterized by the penetration 

depth 𝑙M = 1/𝛼"M and 𝑙9 = 1/𝛼"9.  𝐿7 is thus the total absorption thickness: 

 

 𝐿7 = 𝑙M + 𝑙9 	+ 𝐿M + 𝐿9 + 𝑑 (2-6) 

 

In Equation (2-4), 𝛽 is the propagation constant: 

 

 𝛽	 = 	
2𝜋𝑛
𝜆  (2-7) 

   

As the quantum efficiency 𝜂 is enhanced periodically under the constructive interference, the 

condition to get constructive interference is: 

 

 2𝛽𝐿	 +	𝜓M 	+		𝜓9 = 2𝑚𝜋 (2-8) 

                                                                                                     

where the integer m (m = 1,2,3…) is the resonance order; 𝜓M and 𝜓9 are the phase shift due to 

the mirror reflection. When the light is totally reflected by the mirror, the phase of light is 
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shifted to 𝜓M = 𝜓9 = 	𝜋, i.e., the total phase shift is  𝜓M + 𝜓9 = 2𝜋. Thus, the Equation (2-9) 

can be rewritten as: 

 

 2𝛽𝐿	 = 2𝑚𝜋 (2-9) 

   

Combing Equations (2-7) and (2-9), we can get the resonance wavelength 𝜆": 

 

 𝜆" =
2𝑛𝐿
𝑚  (2-10) 

 

The selectivity of the photodetectors can be defined by FWHM of the absorption spectrum 

around the resonance wavelength, which can be described by Equation (2-11). [21]  

 

 𝐹𝑊𝐻𝑀 ≈
𝛼7𝜆"9

𝑛𝜋  (2-11) 

 

It shows that FWHM is proportional to the critical absorption coefficient 𝛼7 and the square of 

the resonance wavelength 𝜆". 

 

As noted in Figure 2-6, the transport layers are usually very thin, i.e. both 𝑎56𝐿M	and	𝑎56𝐿9 	<

< 	𝛼𝑑, while 𝑙M = 1/𝛼"M	and 𝑙9 = 1/𝛼"9, Equation (2-5) can then be simplified as 

 

 𝛼7 ≈
	𝑎𝑑	 + 	2
𝐿7

 (2-12) 

 

According to Tang et. al., [21] the maximum EQE can be estimated by the ratio of the 

absorption coefficient in the active layer to the critic absorption coefficient in the entire 

structure: 

 

 𝐸𝑄𝐸"D6 𝜆" 	= 	
𝛼
𝛼𝑐

 (2-13) 
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Therefore, we have  

 

 𝐸𝑄𝐸"D6 𝜆" ≈ 	
𝛼

𝛼𝑑 + 2	
𝐿𝑐

 (2-14) 

 

The simplified cavity structure is illustrated in Figure 2-7. 

 

 
Figure 2-7 The schematic diagram of a RCE photodetectors, in which the influence of 

transport layer absorption is neglected. 
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3 Simulation: Transfer Matrix Model  

 
During propagation through the interface between two media of different refractive indexes, 

the behavior of light can be described by the Fresnel Equations. [22] In this thesis project, as 

one of the splendid approaches, Transfer-matrix method (TMM) is employed for the 

simulations of the light propagation and absorption in the photodetectors with a multilayer 

architecture. 

 

At normal incidence along the x-axis, the light absorption can be described by the energy 

dissipation Q: 

 

 𝑄 =
𝑑𝐼
𝑑𝑥
	= 	𝛼	𝐼 (3-1) 

 

Where I is light intensity and	𝛼	is the absorption coefficient of the material. 

 

According to the Lambert-Beer law: 

 

 𝐼	 𝑥, 𝜆 = 	 𝐼>	(𝜆)𝑒Ck(`)6 (3-2) 

 

Where I0 is the incident light intensity and x is distance from the surface. 

 

To calculate the light intensity I (x, λ) at the position x, the electromagnetic (E-M) wave 

distribution should be found out using the following equation: 

 

 𝐸 𝑥 = 	𝐸l 𝑥 +	𝐸C(𝑥) (3-3) 

  

Where 𝐸l 𝑥  and 𝐸C 𝑥  stand for the forward and backward propagating E-M waves at the 

position x, respectively. For an ideal multilayer (m layers) structure that consists of several 

parallel-plane interfaces and homogeneous and isotropic media, the light propagating at the 
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interface between i (i = 1, 2, 3, …m - 1) and j (j = i + 1) layers is depicted in Figure 3-1. 

According to Equation (3-3), the following equations are deduced: 

 

 𝐸ml 𝑥> = 	 𝑡om𝐸ol(𝑥>) +	𝑟mo𝐸mC(𝑥>) (3-4) 

   

 𝐸oC 𝑥> = 	 𝑟om𝐸ol(𝑥>) +	𝑡mo𝐸mC(𝑥>) (3-5) 

   

In Equations (3-4) and (3-5), the transmission coefficient t and reflection coefficient r are 

calculated with respect to the polarization of the incident light, i.e. s-polarization and p-

polarization. For the s-polarized light, the optical field vector is perpendicular to the incident 

plane. According to Fresnel Equations, t and r can be expressed as: 

 

 𝑡o,mp =
2	𝒏o cos ∅o

𝒏o cos ∅o + 𝒏𝒋 cos ∅m
 (3-6) 

 

 𝑟o,mp =
	𝒏o cos ∅o − 𝒏𝒋 cos ∅m
𝒏o cos ∅o + 𝒏𝒋 cos ∅m

 (3-7) 

 

For the p-polarized light, the optical field vector is parallel to the incident plane: 

  

 𝑡o,m
w =

2	𝒏o cos ∅o
𝒏m cos ∅o + 𝒏𝒊 cos ∅m

 (3-8) 

 

 𝑟o,m
w =

	𝒏m cos ∅o − 𝒏𝒊 cos ∅m
𝒏m cos ∅o + 𝒏𝒊 cos ∅m

 (3-9) 

   

Where ∅ is the incident angle relative to the normal of the interface. The relationship between 

∅o and ∅m can be expressed by the Snell’s law: 

 

 
𝒏𝒊
𝒏m
=
sin ∅m
sin ∅o

 (3-10) 

 

In a multi-layer structure, the light propagation, reflection and transmission are mainly 

affected by the refractive index n, as the propagation velocity is ν = 𝑐/𝑛 (where c is the speed 
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of light in vacuum). When the light absorption needs to be taken into account, the complex 

refractive index n 	= 𝑛 + 𝑖𝑘  thus plays a rule, where the imaginary part k is called the 

extinction coefficient. The absorption coefficient can thus be calculated using k values, 

namely,		𝛼"o==}= =
]^_
`

, which is especially important when the structure involves the metal 

layers. 

 

The Equations (3-4) and (3-5) can then be represented in the matrix form as below: 

 

 𝐸ol 𝑥>
𝐸oC 𝑥>

= 	
1
𝑡om

1 𝑟om
𝑟om 1

𝐸ml 𝑥>
𝐸mC 𝑥>

 (3-11) 

 

Where M
~��

1 𝑟om
𝑟om 1  is called the interface matrix Iij, which is utilized to connect the E-M wave 

propagation through the interface of the i and j layers. [23, 24] 

 

 
Figure 3-1 Sketch of the light propagation at the layer interface. [24] 𝐸ol and 𝐸oC are the 

forward and backward propagating E-M waves in i layer, and 𝐸ml and 𝐸mC are the forward 

and backward propagating E-M waves in j layer. 𝑟om and 𝑡om are the complex reflection and 

transmission coefficients calculated by Fresnel Equations through the interface from i to j 

layer, while  𝑟mo and 𝑡mo are standing for the complex reflection and transmission coefficient 

from j to i layer. 
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Moreover, the light propagating in the layer j is illustrated by Figure 3-2. 

 
 

Figure 3-2 Sketch of light propagation within one layer. [24] 

 
The propagation of the forward and backward waves through the layer j can be written in the 
matrix form: 
 
 

 𝐿m = 	 𝑒
Co�� 0
0 𝑒o��

 (3-12) 

 
 
 
where 𝛿m is the phase change during the light propagation in layer j 

 

 𝛿m = 	
2𝜋
𝜆 𝒏m𝑑m cosΦm (3-13) 

   

nj and dj are the complex refractive index and the thickness of j layer. Assuming the incident 

light is perpendicular to the layer interface, Φj is equal to either zero or π.  

Consequently, the E-M wave propagation through the entire device can be represented by 

multiplying the matrixes of all interlayers and layers in the structure: 

 

 𝐸>l
𝐸>C

= 	 𝐼>M 𝐿o𝐼o	olM

�

o�M

𝐸�lMl

𝐸�lMC  (3-14) 

 

j 
𝐸ml(0) 

𝐸ml(0) 
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The total system transfer matrix S can be written as: 

 

 𝑆 = 	 𝑆MM 𝑆M9
𝑆9M 𝑆99

= 𝐼>M 𝐿o𝐼o	olM

�

o�M

 (3-15) 

 
  
To calculate the energy dissipation in layer m, the light intensity I (x, λ) is required. As I (x, λ) 

is proportional to |Em (x, λ) |2, the Q (x, λ) can be written as: 

  

 𝑄	 𝑥, 𝜆 = 	𝛼" 𝜆 𝐼 𝑥, 𝜆 = 𝑐𝜖>𝛼"(𝜆)𝑛" 𝜆 |𝐸"(𝑥, 𝜆)|9		 (3-16) 

 

Where c is the speed of light in vacuum, 𝜖>	is vacuum permittivity, and nm is the refractive 

index of layer m. The 𝐸"(𝑥, 𝜆) is calculated by using Equation (3-14). 

  
A MATLAB implementation of the transfer matrix algorithm was used, together with the 

parameters for the selected structures (number of layers and thicknesses) and materials 

(complex refractive index), to find the optimal conditions of each layer for the best 

performance of the designed organic photodetectors. During the simulation, the layers are 

assumed to be ideal layers, i.e., isotropic and homo-generous media and parallel-plane 

interfaces. [24] 
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4 Materials and Device Architectures  

This chapter introduces the materials, which are utilized in the model simulation of organic 

photodetectors, such as electrodes, charge transport layers and photo-absorbing layers. 

Materials properties like molecular structure, absorption coefficient and reflectivity are 

described. Moreover, the simulated and designed device architectures and the selecting rules 

of the photo-active material are also introduced.    

 

4.1 Materials  

4.1.1 Photo-Absorbing Layers 

The molecular structures of the donor and acceptor materials utilized as the photo-absorbing 

layers in the organic photodetectors are shown in Figure 4-1. PBTTT, P3HT and P3TI are 

electron donating materials (donor), while PCBM is electron accepting material (acceptor). 

[25, 26]  

 

 
 

Figure 4-1 Molecular structures of the donor (PBTTT, P3HT and P3TI) and acceptor (PCBM) 

materials. These donor and acceptor materials are normally blended with a specific ratio to 

form the bulk heterojunction (BHJ), which is wildly utilized as the photo-absorbing layer in 

organic photodetectors and solar cells.  
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The full name of these materials are: 

PBTTT: Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] 

P3HT: Poly(3-hexylthiophene-2,5-diyl) 

P3TI: poly[N, N′-bis(2-hexyldecyl)isoindigo-6,6′-diyl-alt-3,3′′-dioctyl-2,2′:5′,2′′-terthiophene- 
5,5′′-diyl]   

PCBM: (6,6)-phenyl-C61-butyric acid methyl ester  

 

At the interface of the donor and acceptor materials, the CT states are formed. The absorption 

coefficient curves of the blended active materials are depicted in Figure 4-2. The CT 

absorption was observed in wavelengths above 680 nm, from PBTTT:PCBM and 

P3HT:PCBM at the right-hand part of the dotted line,  but not from P3TI:PCBM. [27 ,28] 

 
Figure 4-2 The absorption coefficient of three photo-absorbers, which are studied in this 

project. The ratios of the donor and acceptor are PBTTT:PCBM 1:4, P3TI:PCBM 2:3 and 

P3HT:PCBM 1:1. 
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4.1.2 Transport Layers 

Transport layers are utilized to modify the work function of the electrodes. In this project, 

Polyethylenimine (PEIE) is engaged to reduce the work function of the electrode for more 

efficient collection of electrons, while Molybdenum trioxide (MoO3) is utilized to improve 

the work function of the electrode for collecting holes. To reduce the parasitic absorption, 

both transport layers are designed to be thin (1 nm for PEIE and 10 nm for MoO3) and 

transparent.  

 
4.1.3 Electrodes 

In this thesis project, Au and silver (Ag) are used to form the device electrodes, but also 

functioning as the mirror layers of the resonant cavity. . 

 

As a transparent conducting polymer mixture, Poly(3,4-ethylenedioxythiophene) 

(PEDOT:PSS) is a popular candidate to form a flexible and transparent electrode for organic 

electronic devices, like organic solar cells, organic light-emitting diodes and organic 

photodetectors. [29] In our tandem structures (see Figure 4-5), a PEDOT:PSS layer is used as 

the intermediate electrode to connect the two sub-cells in the device. 
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4.2 Device Architectures and Photo-absorbing layer 

Material Selecting 

4.2.1 Single Photodetectors 

4.2.1.1 Device Architecture 

Figure 4-3 illustrates the architecture of the single cell device. A photo-absorber is 

sandwiched between the top (Ag or Au) and bottom (Ag) mirrors forming a resonant cavity. 

Thin Polyethylenimine (PEIE) and Molybdenum trioxide (MoO3) are used as the electron and 

hole transport layer, respectively. [30] 

  

 
Figure 4-3 The architecture of the single cell photodetectors. 

 
4.2.1.2 Photo-absorbing layer Material Selection 

The selection of the photo-absorbing layer is mainly guided by Equation (2-11). To get a 

higher spectral resolution, a narrower FWHM is needed. Assuming FWHM = 50 nm and n = 

2 at the NIR range (700 ~ 1200 nm), the absorption coefficient of the photo-absorbing layer is 

ranging from 2.2 x 10-4 ~ 6.4 x 10-4 nm-1. Moreover, in order to get a high EQE, the 

absorption coefficient of the mirrors should be low. According to the above-described 

requirements, two bulk heterojunction materials are selected to use as the photo-absorbing 

layer in the photodetectors. One is PBTTT:PCBM (1:4 blended) and another is P3HT:PCBM 

(2:3 blended). The λ−dependence of the absorption coefficient curves for those two materials 

are depicted in Figure 4-4.  
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Figure 4-4 The absorption coefficient of the two selected photo-active materials. Solid curves 

indicate the CT absorption coefficient.  

 
4.2.2 Tandem Photodetectors with PEDOT:PSS as Intermediate 

Electrode 

4.2.2.1 Device Architecture 

The architecture of a tandem device is illustrated in Figure 4-5. Two photo-absorbing layers 

are located in one cavity, which is formed by the top and bottom mirrors (Au/Ag or Ag/Ag). 

Between two photo-absorbing layers, a PEDOT:PSS layer (20 nm) is inserted as the 

intermediate electrode to connect the two sub-cells.  

  

 
Figure 4-5 The schematic presentation of the tandem structure device by utilizing 

PEDOT:PSS as an intermediate electrode. 
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4.2.2.2 Photo-absorbing layer Material Selection 

As only one cavity is involved, the resonant cavity enhancement may only be achieved in one 

photo-absorbing layer. The optical gap absorption is active in another sub-cell instead of the 

CT absorption. Therefore, two resonance peaks are expected to appear in the cavity. As 

discussed in Section 2.1, with a specific thickness of the cavity, several resonance peaks can 

be simultaneously observed in one cavity. For example, as shown in Figure 4-6 (a), two 

resonance peaks of EQE are observed in a single cavity device using PBTTT:PCBM as the 

photo-absorbing layer. According to Equation (2-1), those two peaks are assigned due to the 

2nd and 3rd order resonances. The resonant wavelengths can be tuned by changing the 

thickness of the PBTTT:PCBM layer. At the same time, the photo-absorbing layer in another 

sub-cell is designed to have strong absorption at shorter wavelength. As the absorption 

coefficients of P3TI:PCBM and PBTTT:PCBM are wavelength-dependent (Figure 4-6 (b)), 

strong absorption is observed from P3TI:PCBM up to 800 nm, but the absorption coefficient 

decreases dramatically to around 10-7 nm-1at 970 nm, Hereby, it will not influence the 

resonance wavelengths that are longer than 800 nm. Theoretically, P3TI:PCBM and 

PBTTT:PCBM are adequate to be used as photo-absorbing layers in the tandem 

photodetectors.  

 
Figure 4-6 (a) The 2nd and 3rd order resonances in a single cavity photodetector. By 

varying the thickness of the photo-absorbing layer (PBTTT:PCBM), the resonant 

wavelengths are tuned.（b）The absorption coefficient vs. λ of the two photo-active bulk 

heterojunction materials, P3TI:PCBM and PBTTT:PCBM.  

 

2nd order 
resonance 
 

3rd order 
resonance 
 

(b) (a) 



Chapter 4 Materials and Device Architectures   
 

 27 

4.2.3 Tandem Photodetectors with Au as Intermediate Electrode  

4.2.3.1 Device Architecture 

The layer structure of a tandem photodetector is illustrated in Figure 4-7 with three cavities 

that are formed by the top-intermediate mirrors, intermediate-bottom mirrors, and top-bottom 

mirrors, respectively. The mirror materials are Ag and/or Au, which are also utilized as the 

electrodes of the device, in order to enable the readout of the sub-cell photo-response in the 

tandem device.  

 

The properties of the third cavity formed between the top and bottom mirrors depend on the 

properties of other two cavities, like the cavity thickness and absorption coefficient, etc., 

which are therefore very complex, and were not studied in the present work. 

 

 
Figure 4-7 The schematic presentation of a stacked narrow-band organic photodetector with 

a thin metal layer (Au) as the intermediate electrode. 
 

4.2.3.2 Photo-absorbing layer Material Selection 

As two sub-cavities inside a tandem photodetector are independent with each other, they can 

be treated as a single photodetector. In this case, both of PBTTT:PCBM and P3HT:PCBM 

can be used as the photo-absorbing layer in the sub-cell of the photodetector. 
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5 Results and Discussions 

5.1 Single Narrowband Near-Infrared Organic 

Photodetectors   

In this chapter we perform and discuss the optical simulations using TMM on various device 

architectures, which are able to detect photons with either a single wavelength, or two 

wavelengths. In this paragraph we start off with a discussion on optical simulations of the 

single wavelength detector device architecture illustrated in Figure 4-3. With the 

implementation of a resonant optical cavity architecture, it provides optical field enhancement 

at certain wavelengths within the spectral region of weak CT absorption. The wavelength 

selectivity can be tuned by changing the thickness of the cavity, mainly by changing the 

thickness of photo-absorbing layer. In this section, we focus on the influence of the 

thicknesses and type of photo-active materials blend on the optical absorption and EQE 

spectrum. 

 

5.1.1 General Simulation    

Two photo-active materials blends are studied. They comprise the fullerene derivative PCBM, 

blended with the polymers P3HT and PBTTT, respectively. The thicknesses of the photo-

absorbing layers are varied from 10 to 260 nm with 50 nm steps to find out the general 

relationship among the resonance wavelengths in the EQE spectrum and the layer thickness.  

 

Figure 5-1 (a) shows the simulation results of the P3HT:PCBM-based device. The EQE is 

pretty low when the thickness of P3HT:PCBM layer is 10 nm. The EQE increases 

dramatically in the visible range by increasing the thickness of the photo-absorbing layer to 

60 nm, but no wavelength selective peak appears. The first obvious resonance peak shows up 

at ~700 nm (yellow curve, the thickness of the photo-absorbing layer is 110 nm), with a 

simulated EQE around 18%. At a thickness of 160 nm, this first order (m = 1) resonance peak 

is shifted to ~850 nm, but the EQE now decreases to ~3%. When the thickness of photo-

absorbing layer is further increased to 260 nm, a sharp peak with relatively high EQE (32%) 

appears at around 650 nm, which is assigned to the second order resonance (m = 2).  
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Comparably, in Figure 5-1 (b), for the photodetectors using PBTTT:PCBM,  both the first and 

second order resonances are observed at the thickness of 110 and 260 nm, respectively. The 

EQE of the first order resonance is ~23%, while the EQE of the second order resonance is 

even up to ~45%. Both values are much larger than that of the P3HT:PCBM-based 

photodetectors. 

 

The fact that the PBTTT:PCBM-based photodetectors have higher EQE values than those in 

the P3HT:PCBM-based photodetectors is due to higher absorption coefficients in the region 

of CT absorption in PBTTT:PCBM, which in turn results in less parasitic absorption in the 

metal electrodes, and thus higher EQE values.   

 
 

Figure 5-1 Simulation results of single cell devices. Two different photo-absorbing layers are 

simulated with the thickness varying from 10 to 260 nm. (a) The simulated EQE of 

P3HT:PCBM-based photodetectors, and (b) the EQE of PBTTT:PCBM-based photodetectors. 

The first and second order resonances are labeled in the figures.   

5.1.2 The First and Second Order Resonances 

As mentioned in Section 2.3, Equation (2-1) indicates the relationship among the cavity 

thickness	𝐿, refractive index 𝑛, resonance order 𝑚 and the resonance wavelength 𝜆" . For 

organic materials, the typical value of 𝑛 is around 2. 𝜆" normally ranges from 650 to 1100 

nm, as the weak CT absorption of the photo-absorbing layer occurs at wavelengths longer 

than 650 nm (see Figure 4-2). Hereby, the value of the thickness 𝐿 that corresponds to the first 

order resonance 𝑚 = 1  is 150 ~ 270 nm. For m = 2, L ranges from 250 to 500 nm. 

 
(a) 

 
(b) 

1st order 
resonance 
 

1st order 
resonance 
 

2nd order 
resonance 
 2nd order 

resonance 
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Furthermore, for the third order resonance (m = 3), the thickness of the photo-absorbing layer 

has to be around 850 ~ 1450 nm. At such thicknesses, the cavity enhancement effect becomes 

insignificant because a very low EQE is limited by poor charge transport to the electrodes due 

to low carrier mobility. Hereby, the research in the present work is mainly focused on the first 

and second order resonances of the photodetectors using both P3HT:PCBM and 

PBTTT:PCBM. 

 

5.1.2.1 P3HT:PCBM-Based Photodetectors  

Figure 5-2 shows the simulation results of the first order resonance of P3HT:PCBM-based 

photodetectors in more detail. The photo-absorbing layer thickness ranges between 110 and 

190 nm. According to Figure 5-2 (a1), the highest EQE is around 23% at a resonance 

wavelength located at 670 nm. With increasing the thickness of the photo-absorbing layer, the 

simulated EQE decreases dramatically. At 150 nm, the EQE is already lower than 10%. The 

second order resonance also starts from 670 nm, but the EQE progressively decreases to only 

a few percent at ~880 nm. Obviously, the EQE of the second order resonance is much higher 

than that of the first order resonance, because for thicker photo-absorbing layers the ratio 

between CT absorption and parasitic absorption in the metal electrodes is increased. The 

FWHM values of the first and second order resonances (see Figure 5-2 (a) and (b)) are 

ranging from 10 to 25 nm, with narrower peaks for the second order resonance, indicating a 

high selectivity of the photodetectors.  
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Figure 5-2 The first and second order resonances of the P3HT:PCBM -based photodetectors. 

(a1) and (a2) show the results of the first order resonance. By increasing the photo-absorbing 

layer thickness, the EQE and FWHM decrease, while the resonance wavelength is tuned to 

longer wavelengths. (b1) and (b2) show the second order resonance that has a higher EQE 

and narrower FWHM. The third order resonance peaks appear for wavelengths shorter than 

700 nm for thicknesses over 400 nm.     

To sum up, the resonance wavelength of cavity devices comprising P3HT: PCBM can be 

tuned between 670 and 880 nm. Because of the fast decay of the absorption coefficient, the 

EQE decreases significantly after 730 nm. The low value of the FWHM (10 ~ 25 nm) 

indicates that P3HT:PCBM-based photodetectors are capable of providing a good selectivity. 

 

5.1.2.2 PBTTT:PCBM-Based Photodetectors  

For a comparison with the P3HT:PCBM-based photodetectors, the thickness of the photo-

absorbing layer of the PBTTT:PCBM-based devices is also studied from 110 to 190 nm at the 

first order resonance, and from 280 to 440 nm at the second order resonance, respectively. 

Both of the first and second order resonances of PBTTT:PCBM-based photodetectors have 

higher EQE values than those from the P3HT:PCBM-based devices. According to the 

simulation results (see Figure 5-3), when the thickness of the photo-absorbing layer equals to 

110 nm, the resonance wavelength is at 694 nm, which is red-shifted as comparing to 

(a1) 

 (a2) (b2) 

(b2) 
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P3HT:PCBM. Meanwhile, the EQE reaches about 40%, which is much higher than that of the 

P3HT:PCBM-based device. By increasing the thickness of the PBTTT:PCBM layer, the 

resonance peaks red shift. Figure 5-3 (a1) and (b1) illustrate that the response wavelength of 

PBTTT:PCBM ranges from 650 to 1000 with simulated EQEs higher than 10%. Furthermore, 

the decline of the EQE is more moderate than that of P3HT:PCBM, because the  absorption 

coefficient decay with increasing wavelength for PBTTT:PCBM is much less than that for 

P3HT:PCBM. The FWHM of PBTTT:PCBM-based organic photodetectors ranges between 

10 and 30 nm (see Figure 5-3 (a2) and (b2)). These values are too low for a high selectivity.  

 

From the comparison, we can summarize that as photo-absorbing layer for cavity enhanced 

near-infrared organic photodetectors, PBTTT:PCBM is a better candidate than P3HT:PCBM. 

The relatively high absorption coefficient at CT states of PBTTT:PCBM is the main reason 

for this.  

 

 

 
 
Figure 5-3 The first and second order resonances of PBTTT:PCBM-based cavity enhanced 

photodetectors. The results are similar to the P3HT:PCBM-based photodetectors (see Figure 

5-2). However, the PBTTT:PCBM-based photodetectors gained higher EQE, but larger 

FWHM values for both of the first and second order resonances.     

(a1) 

(a2) 

(b1) 

(b2) 
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5.2 Tandem Photodetectors with PEDOT:PSS as 

Intermediate Electrode 

In this section, a tandem device that can simultaneously detect two different wavelengths is 

studied. The designed device contains a single optical cavity, which is formed by top and 

bottom mirrors that are also serve as electrodes. Two sub-cells are connected by an 

intermediate PEDOT:PSS electrode. By varying the photo-absorbing layer thickness of the 

front and rear sub-cells, the spectral responses of the detection wavelengths can be controlled.    

        

5.2.1 General Simulation  

During simulation, as described in Section 4.2.2, P3TI:PCBM and PBTTT:PCBM are utilized 

as the photo-absorbing layer of the front and rear cells, respectively. PBTTT:PCBM cavity 

enhanced devices have already been studied and described in Section 5.1. The total thickness 

of the tandem device is varied from 420 to 500 nm by changing the thickness of P3TI:PCBM 

from 10 to 90 nm, while keeping the thickness of PBTTT:PCBM constant at 380 nm.  

 

The simulation results are shown in Figure 5-4. The second and third order resonances are 

indicated by dotted arrow lines in (b). The third order resonance of PBTTT:PCBM has a high 

EQE when the thickness of P3TI:PCBM is 10 nm, but is decreased dramatically with 

increasing the thickness of P3TI:PCBM. This is attributed to the above optical gap absorption 

of P3TI:PCBM that occurs at wavelengths corresponding to the third order resonance of the 

cavity structure. This also explains why the detection wavelength from P3TI:PCBM and the 

third order resonance wavelength from PBTTT:PBM have the same peak position. Both of the 

peak positions are tuned to red by increasing the overall thickness of the cavity.  
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Figure 5-4 The EQE and detection wavelengths in tandem devices with varying layer 

thicknesses and with PEDOT:PSS as intermediate electrode. (a) The response of the front cell 

is dominated by optical transitions at wavelengths shorter than the optical gap absorption of 

P3TI:PCBM; (b) the resonance wavelengths of the rear cell are due to weak CT absorption in 

PBTTT:PCBM.     

 
In a subsequent simulation, the influence of the PBTTT:PCBM layer thickness is studied (see 

Figure 5-5). The photo-absorbing layer thickness of the front cell is kept constant at 70 nm, , 

but the thickness in the rear cell is varied from 320 to 400 nm. With increasing the total cavity 

thickness, the’ detection peaks of both the two sub-cells redshift. But the EQE and FWHM of 

the front cell are not affected much by the thickness of PBTTT:PCBM, which is mainly 

because the optical gap absorption of P3TI:PCBM is much higher than the CT absorption of 

PBTTT:PCBM.  
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Figure 5-5 By varying the photo-absorbing layer thickness of PBTTT:PCBM in the rear cell, 

the detection wavelengths are tuned in both of the two sub-cells. (a) The maximum EQE value 

and FWHM of the front cell barely change over a wide spectral range. (b) The EQE and 

FWHM of the rear cell decreases by increasing the photo-absorbing layer thickness.  

 

 

Figure 5-6 The total thickness of the cavity is kept constant at 480 nm (450 nm of photo-

absorbing layers and 30 nm of other functional layers), but the photo-absorbing layer 

thicknesses of the two sub-cells s are varied. (a) The simulated EQE of the front cell, and (b) 

the simulated EQE of the rear cell.  

In Figure 5-6, the overall cavity thickness is kept constant, while varying the thicknesses of 

the PBTTT:PCBM and P3TI:PCBM layers. The FWHM increases by increasing the thickness 

of P3TI:PCBM, but the resonance wavelengths remain the same. This is because that the 

FWHM is proportional to both the effective absorption coefficient 𝑎  and thickness 𝑑 . 

However, the small peak constantly at ~700 nm (see Figure 5-6 (b)), which is assigned to be 

(a) (b) 

(a) (b) 
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the third order resonance of the rear cell, increases when decreasing the thickness of 

P3TI:PCBM. 

 
In what follows, the thickness of the cavity is extended to 690 nm (photo-absorbing layers: 

660 nm, and other layers: 30 nm). The simulation results are shown in Figure 5-7, in which 

higher EQEs and narrower FWHMs are achieved for both of the detection wavelengths. 

Figure 5-10 (a) demonstrates that the thinner the P3TI:PCBM layer is, the narrower the 

FWHM will be, but the maximum EQE at the detection wavelength remains nearly no change. 

Figure 5-10 (b) shows that both resonances become higher and sharper by increasing the 

PBTTT:PCBM layer thickness of the rear cell (i.e. decreasing the P3TI:PCBM layer thickness 

of the front cell).   

 

Figure 5-7 The third and forth order resonances can be involved to get higher simulated 

EQEs and narrower FWHMs. Total thickness of the cavity is extended to 690 nm and kept 

constant, while the photo-absorbing layer thickness of the front and rear cells are varied. In 

(a) and (b), the curves with the same color are from the same tandem device, but different 

sub-cells.       

 
In summary, a tandem photodetector with PEDOT:PSS as the intermediate electrode can 

detect two wavelengths. Figure 5-8 is an example of such a dual detection wavelength device, 

with the layer parameters shown in Table 1 and Table 2.  

The λ-separation between the two detection wavelengths depends on the free spectral range 

(FSR) of the two resonance orders in the cavity. [18] The FSR between two higher order 

resonance wavelengths is shorter than the one between two lower order resonance 

wavelengths. As one of the sub-cells is utilizing its optical gap absorption for the higher order 

(a) (b) 
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resonance, the other sub-cell absorbs the lower order resonance by using the CT absorption at 

longer wavelengths. Therefore, the two detection wavelengths are not only both dependent on 

the total cavity thickness, but also influenced each other. Moreover, the FWHM of the 

P3TI:PCBM mainly depends on the thickness of this layer. The thinner the photo-absorbing 

layer, the narrower FWHM will be achieved.  

In general, the proposed tandem photodetector is able to detect two wavelengths. However, 

the two detection wavelengths are dependent on each other, which limits the choice of 

detection wavelengths when using such tandem photodetectors. Therefore, in the next section, 

a new device architecture is proposed.   

  
 
Figure 5-8 Two detection wavelengths are achieved in the proposed tandem photodetector. (a) 

The second (red curve) and third (blue curve) order resonances are involved; (b) The third 

(red curve) and forth (blue curve) order resonances are involved. 

 
Table 1 Parameters of the tandem photodetector in Figure 5-8 (a). 

Materials Thickness (nm) Wavelength (nm) FWHM (nm) EQE 

P3TI:PCBM 70 nm 715.0 53.7 37.0% 

PBTTT:PCBM 280 nm 1011.0 13.0 10.4% 

 
 

FSR 
FSR 

(a) (b) 
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Table 2 Parameters of the tandem photodetector in Figure 5-8 (b). 

Materials Thickness (nm) Wavelength (nm) FWHM (nm) EQE 

P3TI:PCBM 240 nm 768.0 24.8 40.37% 

PBTTT:PCBM 420 nm 997.0 9.0 34.2% 
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5.3 Tandem Photodetectors with Au as Intermediate 

Electrode   

This section contains the simulation results of tandem narrow-band organic photodetectors, 

which use a semi-transparent metal layer as an intermediate electrode. Two cells are stacked 

on top of each other, while a shared intermediate, reflecting electrode is located between the 

two sub cells. Three cavities are formed by three pairs of mirrors within the photodetector 

(see Figure 5-9), which should in principle result in three resonances.  

 
Figure 5-9 Optical path within a tandem device containing an intermediate metal electrode. 

Three cavities are formed within this structure containing three pairs of mirrors.  

As discussed in Section 5.1, PBTTT:PCBM is superior to other bulk heterojunction materials 

for resonant cavity enhancement. Therefore it is utilized as the photo-absorbing layers for 

both of the two sub-cells in this particular tandem device.  

 
In section 5.1, we found that the response wavelength of PBTTT:PCBM can range from 650 

to 1100 nm. The thicknesses to achieve the higher EQEs (> 10%) of the first and second order 

resonances are 110 ~ 190 nm and 280 ~ 440 nm respectively. To get two separated resonance 

peaks in a single device, we propose several scenarios, as described in the next sections. 
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5.3.1 Two Peaks from the First Order Resonance  

 
  

Figure 5-10  Two resonance wavelengths detected by the front and rear cells, respectively, in 

the tandem device. Both of the two peaks are assigned to be the first order resonance  

Figure 5-10 shows the simulation results of the condition that both of the two enhanced EQE 

peaks are from the first order resonance. In Figure 5-10 (a), the photo-absorbing layer 

thicknesses of the front and rear cells are 180 and 130 nm, respectively. This gives two 

separated independent resonance peaks. Compared with the results of the single cell 

photodetectos, the EQE peak of the front cell is slightly lower, because the thin intermediate 

mirror has a lower reflectance. Moreover, as the front cell is thicker than the rear one, the 

EQE of the rear sub-cell is consequently much lower than that of the single cell. .  

  

Figure 5-10 (b) illustrates the result of the inverted device. The front cell has a similarly high 

EQE as the single cell. In this case, the EQE does not suffer that much from the low 

reflectance and high transmittance of the intermediate mirror. However the EQE of the rear 

cell decreases dramatically.  

 
 

5.3.2 Two Peaks from the Second Order Resonance 

By increasing the thickness of the two photo-absorbing layers, the second order resonance 

appears instead of the first order. Figure 5-11 demonstrates that the EQE of the rear cell is 

always much lower than that of the front cell. 

(a) (b) 
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Figure 5-11 Two resonance wavelengths from the front and rear cells in the tandem device. 

Both of the two peaks are assigned to be the second order resonance.  

 
5.3.3 Two Peaks from the First and Second Order Resonances, 

Respectively  

Under the above-described conditions, the weak absorption of the rear cell could be improved 

by increasing the thickness of the photo-absorbing layer. In the following simulations, we 

investigate the condition that the resonance wavelengths of front and rear cells originate from 

the first and second order resonance, respectively. As the performances of the two sub-cells 

depend on each other, the simulations are carried out by keeping the photo-absorbing layer 

thickness as a constant in one sub-cell, but varying  that in another.  

 

5.3.3.1 Front Cell Resonance Wavelength Shorter than that of Rear 

Cell     

In Figure 5-12, the resonance wavelength of the front cell is shorter than that of the rear cell. 

The simulation was made by setting the layer thickness of the front cell to be 110 nm, while 

varying the thickness of the rear cell from 340 to 400 nm.  

 

(a) (b) 
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Figure 5-12 EQEs and resonance wavelengths of the two sub-cells in a tandem photodetector. 

(a) The resonance wavelength of the front cell with a 110 nm thick photo-absorbing layer. 

The EQE of the resonant peak is decreased by increasing the photo-absorbing layer thickness 

of rear cell. (b) The resonant wavelength of the rear cell is varied by varying its photo-

absorbing layer thickness.  

 
Figure 5-12 (a) indicates that with increasing the photo-absorbing layer thickness of the rear 

cell, the peak position and maximum EQE at the resonance wavelength are red-shifted and 

decline, respectively. (b) Shows the resonance wavelength of the rear cell, which is varied by 

changing the photo-absorbing layer thickness. When the photo-absorbing layer thickness is 

380 nm, the peak position and EQE at resonance are at ~870 nm and 10%, respectively. With 

increasing the layer thickness, the EQE decreases, while the resonance wavelength shifts red. 

Moreover, the third order resonance appears (the purple cure in (b)).  

 

5.3.3.2 Front cell resonance wavelength longer than that of rear cell. 

 

Figure 5-13 (a) and (b) show the condition that the photo-absorbing layer thickness of the 

front cell is varied from 130 to 210 nm (the thickness for the first order resonance). For the 

rear cell, the thickness of the photo-absorbing layer is a constant 280 nm, which gives a 

second order resonance around 700 nm. When the thickness of the front cell increases, the 

resonant wavelength of the rear cell slightly shifts to red. Meanwhile, the EQE of the 

resonance peaks reduces a bit, but is still higher than 10%. The decline of the EQE is mainly 

 (a) (b) 
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because that the thicker photo-absorbing layer of the front cell is, the more light it absorbs, 

which subsequently decreases the light intensity in the rear cell. 

 

The case with varied thickness (from 240 to 320 nm) of the rear cell and a constant thickness 

(150 nm) of the front cell is also studied. The results are summarized in Figure 5-13 (c) and 

(d). With increasing the photo-absorbing layer thickness of the rear cell, the resonance 

wavelength of the front cell also red-shifts and declines.  

 
Figure 5-13 EQE and resonance wavelength optimizations of the two sub-cells in a tandem 

photodetector. (a) and (b) show the results of the front and rear cells in a tandem cell. The 

photo-absorbing layer thickness of the rear cell is set as constant — 280 nm, which is in the 

range of the second order resonance. The photo-absorbing layer thickness of the front cell is 

varied from 130 to 210 nm.  (c) and (d) are the simulation results of another tandem device, 

in which the thickness of the front cell is kept as a constant (150 nm), while the thickness of 

the rear cell is varied from 240 to 320 nm.  

(a) (b) 

(c) (d) 
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According to Figure 5-13, with the combination of the front and rear cells, the resonance 

wavelength could cover the spectral range from 650 to 1100 nm. The spectral separation 

between the two peaks and the EQEs of the peaks could be varied by changing the thickness 

of the two photo-absorbing layers. The parameters of the two tandem photodetectors are listed 

in Table 3. 

 
Figure 5-14 Two resonant wavelengths in one tandem device.   

 

Table 3 Parameters of the tandem photodetectors in Figure 5-14 

Thickness (nm) Wavelength (nm) FWHM (nm) EQE 

160 nm 664.0 10.2 17.6% 

260 nm 879.0 26.3 23.7% 

 
   

5.3.3.3 Thickness Study of Top and Intermediate Mirrors  

As introduced in Section 2.1, the reflection and transmission of the mirrors in the cavity have 

great influence of the field enhancement at the resonance wavelength. The thickness of the 

bottom Ag mirror, which is utlized in the simulation, is 100 nm. At such a thickness, the 

reflectance is almost equal to one. Whereas, the thicknesses of the top and intermediate mirror 

should be set properly to ensure optimized transmission and reflection at both resonance 

wavelengths. Hereby, in the follwing simulations we study the influece of the thickness of the 

top and intermediate mirrors on the the peak position and EQE of the resonance wavelength.   
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Figure 5-15 Optimization study of the top and intermediate mirror thickness. The photo-

absorbing layer thicknesses of the front and rear cells are 160 and 260 nm, respectively. (a) 

and (b) illustrate the influence of the top mirror thickness; (c) and (d) indicate the influence of 

the intermediate mirror thickness.  

The increasing thicknesses of the top and intermediate mirrors have a similar influence on the 

resonant wavelength of the front and rear cells, however, the EQE is increased in the front cell 

but decreases in the rear cell. Because thicker mirrors have a higher reflectance, the resonance 

cavity effect is enhanced, which in turn increases the absorption in the front sub-cell. 

Meanwhile, as the transmission is decreased,  less light can penetrate through the intermediate 

mirror. In the rear sub-cell, the light intensity is decresing farster than the increase of the 

absorption provided by the cavity effect. Hereby, the EQE of the rear cell suffers. 

 

Figure 5-16 shows the optimized situation where the EQE is similar for both resonance 

wavelenghts. The used thicknesses of the layers and mirrors are listed in Table 4. The 

(a) (b) 

(c) (d) 



Chapter 5 Results and Discussions 
 

 47 

optimized results are compeared with the results that are indicated in Figure 5-14 and Table 3. 

Such values belong to the device with both 30 nm thick top and intermediate mirror layers. 

 
Figure 5-16 The resonance wavelengths in a tandem device are optimized by varying the 

thicknesses of the top and intermediate mirrors.  
Table 4 Parameters of the tandem photodetectors in Figure 5-16. 

Thickness (nm) Wavelength (nm) FWHM (nm) EQE 

160 nm 664.0 10.5 22.1% 

260 nm 882.0 29.1 22.4% 

 
5.3.3.4 Coupled Resonances 

In Figure 5-, the detection wavelength within one sub-cell is always accompanied by a small 

peak at the resonance wavelength of another sub-cell. Such a phenomenon is due to the 

coupled resonance effect that originates from the interaction between the optical fields within 

the coupled micro-cavities. [31] Figure 5- (a1) and (a2) show the coupled resonance 

wavelengths and optical field distribution of the tandem device using PBTTT:PCBM as the 

photo-absorbing layer in both the sub-cells. Comparably, (b1) and (b2) are the simulation 

results of the tandem photodetector using P3HT:PCBM instead of PBTTT:PCBM in the rear 

cell. As the cavity thicknesses of the two devices are the same, the optical field distributions 

are not influenced by changing the photo-absorbing layer materials in the rear cell. Compared 

with (a1), the disappearing small red peak in (b1) is mainly because, at ~870 nm the absorption 
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coefficient of P3HT:PCBM is much smaller than that of PBTTT:PCBM. This is due to the 

fact that the energy dissipation (see Equation (3-16)) is proportional to both the absorption 

coefficient of the photo-absorbing layer and the light intensity in the cavity. 

 

 
Figure 5-17 Coupled resonances within the stacked photodetectors. (a1) and (a2) show the 

resonance wavelengths and optical field distribution of the tandem photodetector by using 

PBTTT:PCBM as the photo-absorbing material in the rear cell. While (b1) and (b2) depict the 

simulation results of the tandem photodetector using P3HT:PCBM as the photo-absorbing 

material in the rear cell.       

  

   Coupled  
 resonances 
  

(a1) (a2) 

PBTTT:PCBM: 260 nm 

PBTTT:PCBM: 160  nm 

 Ag: 100 nm 

   Au: 28 nm 

 Au: 28 nm 

   Coupled  
 resonances 
  

(b2) (b1)    Ag: 100 nm 

P3HT:PCBM: 260 nm 

PBTTT:PCBM: 160 nm 

Au: 28 nm 

Au: 28 nm 
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6 Applications  

6.1 Single Narrow-Band Photodetectors 

As discussed in Section 5.1, wavelength tunability in cavity detectors is realized by varying 

the thickness of the photo-absorber layer. By using this property, a miniature spectrometer is 

constructed by Tang et al. (see Figure 6-1). [21] In the miniature spectrometer, an array of 

photodetectors is constructed in a single device by placing a thickness-wedged photo-

absorbing layer inside several separated cavities. On the very top of the device, a series of Ag 

mirrors (also be utilized as electrodes) are evaporated separately. This makes simple compact 

spectrometers possible.  

 

 
 

Figure 6-1 The schematic presentation of the miniature spectrometers and the picture of an 

experimentally realized spectrometer device. [21] The spectrometer contains a thickness-

wedged photo-absorbing layer. Several sub-photodetectors that can detect different 

wavelength are realized in this way. 

  

Au 30 nm nm 
PEIE 1nm 1nm 

Ag 120nm 

  Photo-absorbing layer 
MoO3 10nm 

Substrate 
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6.2 Stacked Dual Narrow-Band Photodetectors 

The detection wavelength of the dual narrow-band photodetectors ranges from 700 to 1100 

nm. The two detection wavelengths can be tuned independently by varying the photo-

absorbing layer thickness of each sub-cell. Figure 6-2 is an example of water detection, which 

can be realized by utilizing the dual narrow-band photodetectors. By varying the photo-

absorbing layers thickness of the two sub-cells in the photodetector, the resonance 

wavelengths are tuned to be 750 and 960 nm (see Figure 6-2 (b)), which match with the two 

noticeable local absorption maxima in absorption spectrum of water, as shown in Figure 6-2 

(a).  

 
 

Figure 6-2 Water detection by measuring the transmission at two separate wavelengths. (a) 

Optical absorption coefficient of water. [32] At 750 and 960 nm, there are two noticeable 

optical absorption peaks. (b) By varying the photo-absorbing layer thicknesses in the dual 

narrowband photodetector, the detection wavelengths are tuned precisely at 750 and 960 nm.  

  

(b) (a) 
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7 Conclusions  

The simulation results obtained using TMM on various organic photodetector architectures in 

the thesis project work revealed that the stacked dual narrowband near-infrared 

photodetectors can be fabricated with the implementation of the resonant cavity enhancement 

and CT absorption. By using the organic blend of PBTTT:PCBM as the photo-active material 

and varying the layer thicknesses of the two sub-cells, photodetectors can operate with two 

independent detection wavelengths in the range of 650 ~ 1100 nm.   

 

For the tandem photodetectors using PEDOT:PSS as an intermediate electrode, the cavity 

thickness should be sufficiently thick, in order to involve two orders of the resonance in the 

desired NIR spectral range. The photo-absorbing layer in one of two sub-cells should be 

designed to have a higher absorption coefficient at shorter wavelength to match with higher 

order resonance, while having no or much lower absorption at longer wavelengths. The other 

sub-cell needs to involve an absorbing layer that is more efficient in the longer wavelength 

region, but a lower absorption coefficient at shorter wavelength. The higher the resonance 

order, the higher the EQE and the narrower FWHM of the detection wavelength. However, as 

the resonance modes are wavelength-dependent, both detection wavelengths are shifting 

simultaneously when varying the cavity thickness. The selectivity of the tandem 

photodetectors with a PEDOT:PSS transparent intermediate electrode is thus limited.  

 

To solve this problem, the PEDOT:PSS electrode was replaced by a thin Au layer acting 

simultaneously as electrode and semi-reflecting mirror. According to the simulation results, 

the best configuration of the dual wavelength photodetectors is that the resonance wavelength 

of the front and rear cells are the first and second order resonances, respectively. Moreover, 

the resonance wavelength of the front cell should be longer than that of the rear cell. 

 

The thickness of the top and intermediate Au mirrors is varied from 25 to 35 nm. The thicker 

mirrors are, the higher optical enhancement in the front cell will be, which in turn increases 

the EQE at the detection wavelength associated with this sub-cell. However, the EQE of the 

rear cell is suffering from the thickness increase of both mirror layers. Although the detection 

wavelengths of two sub-cells are independent, the cross talk of resonant modes between two 
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sub-cells will result in sub-cell unwanted signals, i.e. a so-called coupled resonances. The 

height of this unwanted peak is mainly proportional to two parameters, i.e. the field 

enhancement factor and the absorption coefficient of the photo-absorbing layer. Hereby, to 

reduce the unwanted signal, one should decrease the field enhancement or absorption 

coefficient. Decreasing the field enhancement will however result in the reduction of the EQE 

in another sub-cell. Therefore, a lower absorption coefficient is preferred to remove the 

unwanted signal. 

 

Finally, at the end of the thesis project, the tandem photodetectors with two independent 

detection wavelengths ranging from 650 to 1100 nm were simulated. By using PBTTT:PCBM 

as the photo-absorbing layer, the EQE can be up to ~30% at the detection wavelength of 650 

nm, and ~10% at 1000 nm.  
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8 Outlooks 

For future work, the following objectives are suggested for research: 

  

Ø As this thesis project was carried out only with simulations, it is of high interest and 

desired to experimentally fabricate some real tandem devices to test and verify the 

simulation results.  

Ø Moreover, because of the limitation of the organic photo-absorbing materials, the EQE 

at the detection wavelength longer than 1200 nm is extremely low. Hereby, the 

materials with a lower transition energy of CT states and high absorption coefficient 

are highly desirable. 

Ø Last but not least, the stacked photodetectors that can detect three or more 

wavelengths are of interest, and require more simulations to uncover the optimum 

layer and mirror thicknesses.     
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