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Highlights 
 

➢ A novel microstructure of the Metal Semiconductor Metal photodetector is designed 
➢ The designed MSM consists of an absorbing layer of semiconductor and two metal electrodes  
➢ The transient response of the detector for the various distance between the electrodes is analyzed 
➢ In the optimum state, the response rate is 57 ps and the maximum instantaneous current is 3.27 nA 
➢ The shorter the distance between the two upper detector electrodes, the faster the detection speed  

 

Article Info   Abstract 

The photodetector is one of the main components of the optical communication systems that 
converts optical signal to electrical signal. Metal Semiconductor Metal photodetector is one type of 
photodetector with a high coefficient of quantum efficiency and high speed while having a simple 
structure. In this paper, a novel microstructure of the Metal Semiconductor Metal photodetector 
consisting of an absorbing layer of semiconductor and two metal electrodes which act as two back-
to-back Schottky diodes is designed and simulated. Incident light is absorbed by the active area 
between the two top electrodes and generates electron-hole pairs which are collected by electrodes 
and then an electric current is generated. Therefore, by determining the transient response of the 
detector for the various distance between the electrodes, we can find out the effect of the distance 
on the detection speed and detector response. In the best case, the response rate is 57 ps and the 
maximum instantaneous current is 3.27 nA. The shorter the distance between the two upper 
detector electrodes, called the empty area, the faster the detection speed increases, and the total 
light current decreases due to the reduction of the light flux descending on the surface. 
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1. Introduction 
One of the most practical methods of sending 

information and data in today's world is optical 

telecommunications. In the past, the communication link 

in telecommunication systems is copper wire, while today, 

optical fibers are used as communication links in optical 

telecommunication systems. In a simple optical 

connection, in addition to fiber optics [1], a light generator 

at the transmitter is needed to produce coherent light, and 

an optical detector at the receiver to convert the optical 
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signal into electricity. So, the optical detector [2] is one of 

the main parts of an optical telecommunication system [3]. 

An optical detector absorbs light energy and converts it into 

electrical energy, which is detected as an electric current.  

Stages of the detection process: 1-absorption of light 

energy and production of electrons and holes, 2- transfer of 

carriers produced by light, from across the absorption or 

transition region, and 3- a collection of carriers by 

connections and production of light current. 

Semiconductor optical detectors are the most suitable 
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choice for optical communications due to their suitable 

spectral range, fast response, and good sensitivity. Among 

the various types of semiconductor detectors that exist, 

detectors with Metal-Semiconductor-Metal (MSM) 

Photodetector are a good choice for a receiver due to their 

ease of construction, simple structure, and low capacitance 

[4,5]. This detector has two metal connections on a 

semiconductor surface that are responsible for applying 

voltage and sending an electrical response to the outside 

environment. The metal connections on the detector 

surface are of the Schottky type, and this part is electrically 

similar to two Schottky diodes connected back-to-back 

[6,7]. The positive and negative poles of the joints are 

absorbed, respectively. The answer, the detector is collected 

as an electric current from the two above connections. 

Over the past decades, the design and fabrication of 

MSM detectors are received considerable attention due to 

their high speed in integrated electronic-optical systems, 

high bandwidth, integration with field-effect transistors 

(FET), and low noise. Due to the very low capacitance of 

MSM detectors, their response speeds are usually in the 

range of a few tens of Picoseconds, which is very important 

[8]. Therefore, considering the role of metal-semiconductor 

metal detectors in optical telecommunications and their 

appropriate response speeds, this s structure as the target 

structure has been investigated in this dissertation. During 

various research to improve the performance of optical 

detectors, detectors with different dimensions, various 

semiconductor materials, and various metal electrodes are 

designed and installed in various structures. The diversity 

of manufacturing reports, the use of new materials, and 

efforts to improve the performance of metal-semiconductor 

metal detectors are strong reasons why simulation and 

efforts to improve MSM performance are of fascinating 

issues in optical telecommunications [9,10]. 

The optical response of a metal-semiconductor metal 

detector is an important parameter for detection. 

Important detector properties such as quantum effect and 

response time are related to the detector geometry, range, 

and width of the electrodes [11]. The effect of the 

dimensions and geometry of the detector on the 

performance of the metal-semiconductor metal detector is 

less studied and this causes the limitation and lack of 

progress of this type of detector. In a semiconductor metal 

structure detector, the smaller the distance between the two 

high connections, the faster the detection speed increases 

by reducing the drive time of the carriers, and the response 

decreases the amount of light flow relative to a radiated 

light power [12,13]. Therefore, in this paper, the detector 

response to the distance between the electrodes is 

simulated and investigated, and by determining the 

detector response to the distance between the electrodes, a 

balance can be established between the detection speed and 

the detector response so that both the speed of detection 

and response is satisfactory. Optical simulation is 

important to save time and money and optimize their 

performance. In line with the main purpose of the paper, 

we balance the detection speed and the appropriate 

response, change the distance between the connections and 

obtain the electrical response. The response rate of a piece 

to a pulse of light is usually calculated at the full width at 

half the maximum (FWHM). By examining the response to 

the distance between the electrodes, the optimal response 

and the appropriate distance will be determined.  

In the reference [14], an improved metal 

semiconductor metal photodiode is investigated. In 

particular, it is an optical detector with high sensitivity and 

bandwidth in which anodes and cathodes of different 

materials and in different dimensions are used. Using an 

opaque anode and a transparent cathode reduces the 

surface reflections of the opaque electrode, absorbing 

lighter in the active area and at the same time keeping the 

transition distance to a minimum for slower carriers. Thus, 

the long sequence in response is minimized due to the 

collection of cavities so the bandwidth increases. Also in 

2014, Habibpour and colleagues studied the temporal 

response of a BG MSMPD1 detector as a function of the 

equilibrium radiation reflection position. The results show 

that the detector response rate varies when the pulse 

position is shifted relative to the active region. This means 

that when the beam is shone in the middle of the active 

region, it has the lowest current and when it approaches the 

joints, the response of the part increases. The magnitude of 

the current near the cathode is exactly equal to the 

magnitude of the current near the anode [15]. According to 

the said content and to develop the research done; in this 

paper, a novel microstructure of the Metal Semiconductor 

Metal photodetector consisting of an absorbing layer of 

semiconductor and two metal electrodes that act as two 

back-to-back Schottky diodes is designed and simulated. 

The remainder of this paper is organized as follows.  

How to extract and calculate basic semiconductor 

equations and the process of production and recombination 

of carriers is shown in section 2. In section 3, the proposed 

structure in terms of size and materials used is introduced 

and reviewed. In section 4, the desired structure is 

simulated and the transient and response speed of the 

metal-semiconductor metal in different modes are 

discussed. Section 5 also the conclusion and general report 

of the design and simulation results. 

 



           
2. Theory and Mathematics 

Metal Semiconductor Metal photodetector is another 

optical detector that is a simpler structure than APD and 

PIN while having a high quantum coefficient and speed. 

The detector consists of a semiconductor absorber layer 

and two metal electrodes arranged back-to-back like two 

Schottky diodes. External voltage is applied between the 

connections in such a way that one of them is direct and the 

other is inverse. The light shines into the active area 

between the two electrodes and, depending on the amount 

of light absorbed, several electron pairs and holes are 

produced, and these carriers move under the influence of 

an electric field caused by the output voltage and are 

collected by the electrodes. Since one of these electrodes is 

always biased backward, it has less dark current than other 

types of detectors [16,17]. In the MSM detector, the 

connectors can have a simple pattern, that mean in the form 

of two parallel electrodes or with an intermediate pattern 

(finger electrodes) [18]. The reason for using this finger 

pattern for electrodes is that the short distance between the 

electrodes Decreases and somehow increases the speed of 

response [19,20]. 

 
2.1. Quantum Efficiency 

Quantum efficiency is equal to the number of electron 

pairs of holes produced per the number of photons emitted. 

If each photon ideally produces a pair of electrons and a 

hole, then the quantum efficiency is 100%. In practice, 

however, factors such as poor recombination and 

absorption, and reflection make η less than 100. 

Mathematical relation of quantum efficiency as: 

𝜂 =
𝑁𝑒 − ℎ𝐺

𝑃𝐶
 (1) 

where hG is the number of holes produced, Ne is the 

number of electrons, and PC is the number of colliding 

photons. On the other hand, the quantum efficiency is 

expressed as the following equation:    

𝜂 =
𝐼

𝑞𝜑
=

𝐼

𝑞
(
ℎ𝑣

𝑃𝑟
) (2) 

where ɸ is the Photon flux, and Pr is the Decreasing 

light power. Quantum efficiency depends on the absorption 

coefficient of the material and the thickness of the 

adsorption region. As mentioned, not all photons produce 

light carriers. Some photons fail to absorb due to the 

possible nature of the adsorption process. Some photons 

may be reflected from the detector surface. Absorbed power 

in an area of width w as:  

𝑃 = 𝑃𝑟(1 − 𝑒−𝑎𝑤)(1 − 𝑅) (3) 

Where a is the absorption coefficient of the 

semiconductor material and R is the input reflectance of the 

detector. So, the light current will be equal to: 

𝐼 =
𝑞

ℎ𝜐
𝑃𝑟(1 − 𝑒−𝑎𝑤)(1 − 𝑅) (4) 

And quantum efficiency by the relation: 

𝜂 = (1 − 𝑒−𝑎𝑤)(1 − 𝑅) (5) 

Equation (4) means that a lot of light must be absorbed 

to achieve high quantum efficiency, so the width of the 

empty region must be large enough [21]. By reducing the 

reflectance at the diode surface, increasing the absorption 

in the active region, and preventing carriers from being lost 

in the semiconductor, quantum efficiencies can be 

increased to some extent.  

 
2.2. Dark Current 

The amount of current produced by the reverse bias of 

an optical detector without applying an optical signal is 

called dark current (Idark). This current is an unwanted 

current that is added to the system as noise and is a function 

of the detector and temperature components. To minimize 

dark current, a long barrier is desirable, which is achieved 

by selecting the appropriate metal and cleaning the 

semiconductor surface properly before depositing the 

metal on it. 

There are several mechanisms for generating dark 

currents. The mechanism of heat-ion diffusion in the metal-

semiconductor interface (metal and insulation) and the 

mechanism, the tunneling current, are dark. The potential 

generated by the metal is adjacent to it. The dark current 

due to the thermal process is calculated according to Eqs 

(6) and (7). 

𝐼0 ∝ 𝑒𝑥𝑝 [
−𝑞(𝜑 − 𝛥𝜑)

𝐾𝑇
] (6) 

𝛥𝜑 = √
𝑞𝐸

4𝜋𝜀
 (7) 

Where q is the electron charge, φ is the potential 

barrier height for the electrons from the Fermi level of the 

metal to the semiconductor conductivity level, K is the 

Boltzmann constant, and T is the room temperature. Δφ is 

the expression of the Schottky effect, and ε is shown to be 

the dielectric constant [22]. The tunneling phenomenon 

occurs due to the electric field inside the discharge zone. 

Due to this electric field, the electron is detached from the 

bond and goes from the capacitance band to the conduction 

band, thus creating a dark current.  

 

 



           
2.3. Response Rate 

One of the most important parameters of an optical 

detector is the response rate (𝑅0). Response according to 

eq (8): 

𝑅0 =
𝐼𝑃
𝑃𝑟

 (8) 

The ratio of the detected current in amperes divided by 

the power of the incoming light is defined in watts. 

According to Eqs (4) and (5), the response in terms of 

wavelength and efficiency is Eq (9): 

𝑅0 =
𝜂𝑞

ℎ
=
𝜂𝑞𝜆

ℎ𝑐
 (9) 

The response is a function of wavelength and detector 

components. At longer wavelengths, the photons do not 

have the energy needed to overcome the energy gap of the 

semiconductor material, so the semiconductor becomes 

transparent to this beam. Therefore, the energy of radiant 

photons must be greater than the energy gap to be absorbed 

and cause an electric current by producing a carrier. 

 

3. MSM Photodetector 
As shown in Figure 1,  the proposed MSM 

Photodetector are two contacts made of gold and with 

thickness and length equal to TG=100 nm, LG=LA=LC= 20 

µm, respectively. GaAs with different doping are used in the 

lower layers and substrate layer. An air gap is created 

between the cathode and anode contacts with a thickness of 

Tair = 1.1µm, and the length of this gap is Lair = 10µm. The 

layers below the contacts are used to absorb more light, 

which is doped with a high-density n-type = 4e18 and a 

thickness of TG = 1µm. This causes the structure to be 

activated by a slight impact of light rays on high-density 

electrons. In the middle layer, the intensity of doping for 

the smooth movement of electrons after the impact of light 

rays is reduced by n-type = 1e18. The same layer of GaAs is 

used substrate layer, but the doping has changed to p-type 

with a density of 4e18. This change in doping controls the 

path of electrons and on the other hand, the holes are 

absorbed towards the relevant contact, which can lead to 

less response time and fewer losses in the path of 

combining and recombining electrons and holes. 

 
Fig. 1. Cross-section of the proposed device. 

As can be seen, a cross-section of the structure is 

created, showing a two-dimensional view, and so the light 

beams shine on the structure from above, causing the 

structure to function. On the other hand, the beam shines 

on the whole structure. While no beam passes through the 

gold layer and enters the detector. Along with changing the 

length of the active area, the beam profile must be adjusted 

so that the radiation is the same in all cases.  
 

4. Result and Discussion 
In this simulation section, five different modes for the 

distance between the connections and the cathode are 
considered, with the distance between the two upper 
connections varying between 10, 20, 30, 40, and 50µm 
while the other parameters are the same in all cases. Figure 
2 shows the current for the case where the distance between 
the contacts is LAir = 10µm, the detector is below 6 volts and 
the light from above shines vertically on the whole 
structure. Since the mobility of electrons is greater than 
that of holes. The resulting electric current has a rapid rise 
due to electrons and a long descent time due to the 
movement of holes. The peak of electric current in the 
electric current diagram in terms of time is 7.75×10-10 A, 
and the response speed by calculating the amount of 
FWHM from the diagram in MATLAB software is 57ps. The 
number of carriers that pass through the surface unit of this 
detector per unit of time is approximately n=5×108.   



           

 
Fig. 2. Shown transient response and FWHM width LAir = 10µm 

If the peaks of transient response diagrams are plotted 
in terms of increasing the distance of the electrodes in the 
MSM detector, the maximum changes in the amount of 
electric current with the change in the distance of the 
electrodes in figure 3 are well visible. As can be seen from 
this figure, the rate of increase in electrical current 
decreases with increasing distance, so that the maximum 
difference between the electrical currents in the two initial 
states is a distance of 10um compared to 0.20 nA, while for 
the structure 40µm is 0.2 nA compared to 50µm. This 
decrease in the slope of the changes is due to the increase 
in the recombination rate of carriers in the active region.        

 
Fig. 3. Shows the changes in maximum electrical current as the distance 

increases (LAir). 

By increasing the distance, the detection speed 
increases by increasing the drive time of the carriers, which 
is shown in Figure 4, increasing the response time. As can 
be seen in the figure, as long as the LAir distance is increased 
to 30 microns (LAir ≤ 30µm), the FWHM value increases 
almost slightly. But when the distance of X is more than 30 
microns (LAir > 30µm), the rate of FWHM increases at twice 
the speed. 

 
Fig. 4. Shows the changes in FWHM as the distance increases (LAir). 

 

In this section, the effect of changing the optical power 
applied to the detector in the form of a Gaussian pulse is 
simulated and investigated. The simulation is performed 
for detection with a distance of 20 microns (LAir = 20µm) 
and under a voltage of 6V. the radiant pulse power is set to 
120, 200, and 300mw, and the results are obtained as 
shown in Figure 5. As shown in the figure, with increasing 
radiative power, the amount of electric current peak in the 
transient response also increases. 

 
Fig. 5. Dependence of detector transient response on radiant pulse 

power. 
In the detector under study, the change in beam power 

has little effect on the response speed, and the FWHM in all 
three cases is equal to and approximately 58 ps, but the 
electric current, because the beam has more penetrating 
power and produces more carriers, with increasing current 
It is an upward trend. The effect of the change in optical 
power of the radiation pulse on the amount of maximum 
current and response speed can be seen in Figure 6. 



           

 
Fig. 6. Effects of Gaussian pulse power on electric current (left), and 

FWHM (right). 

 
Up to this point, the effects of the distance between the 

contacts (LAir) on the electric current and FWHM are 
simulated as a transient response. Now for further 
investigation, change the thickness or depth of the active 
area (air), and finally, the results are included in Figure 7 
shows the effects of active area thickness on detector 
parameters. 

 
Fig. 7. Effects of active area thickness on electric current (left), and 

FWHM (right). 
 

As the depth of the active area increases, more carriers 
are produced, which in the first place increase the electric 
current. On the other hand, the electric field is weaker in 
the deeper regions, so the time required for these carriers 
to reach the connections is longer than the carriers 
produced at the surface.  

Thus, FWHM increases as a function of optical power. 
It should be noted that this increase in the thickness of the 
active area, in this structure more than 3 microns, causes 
an increase in response time, which is not appropriate. In 
the last section, to prove the superiority of the proposed 
structure over other similar structures, the values of 
important parameters are compared in Table 1. 

 
Table 1. Comparison of important parameters of the 

proposed structure with other structures. 

Works Current 
Response 
Time 

Footprint 
(µm2) 

Ref [23] 0.31 nA 0.6911 ns - 

Ref [24] 1.43 pA 0.412 ms 25 

Ref [25] 0.1 pA - 500 

This Work 3.27 nA 57 ps 155 

As can be seen in the table, the most important 
parameters in a photodiode structure are response time, 
current, and dimensions. The proposed structure has a high 
speed due to its small dimensions. On the other hand, the 
integrated use of substance GaAs with different and 
appropriate doping will increase the flow as much as 
possible. On the other hand, the use of gold material in 
contact has had a good effect on the current transmission. 

 
5. Conclusions 

In In this paper, a novel microstructure of the Metal 
Semiconductor Metal photodetector consisting of an 
absorbing layer of semiconductor and two metal electrodes 
that act as two back-to-back Schottky diodes was designed 
and simulated. The simulation results show that at a 
constant voltage and pulse, as the distance between the 
electrodes (LAir) increases, the metal-semiconductor metal 
detection response increases. Because increasing the area 
of the active area increases the absorption of radiation, in 
other words, divergent rays are also absorbed and show 
better current. On the other hand, this causes changes in 
the detector’s response time to radiation. As the results 
show, increasing the distance between the two connections 
above increases the response time by increasing the drive 
time and distribution of the carriers. A large increase in the 
length of the active region causes the recombination of 
carriers to dominate the propulsion and diffusion 
processes. In the best case, the response rate is 57 ps and 
the maximum instantaneous current is 3.27 nA. Therefore, 
the greater the distance and intensity of the light beam, the 
higher the parameter values. 

As a future work, we can focus on the Monolayer or 
ultraviolet MSM Photodetectors and improve their 
performance. 
6. Funding statement     

This research received no specific grant from any 
funding agency in the public, commercial, or not-for-profit 
sectors. 

7. Conflict of Interest     
The authors declare that they have no conflict of 

interest. 
 

 
REFERENCES 
[1]Bass, Michael. "Fiber optics handbook fiber, devices, and 
systems for optical communications.” (2021). 
[2]Maity, Avisek, A. K. Raychaudhuri, and Barnali Ghosh. 
"Based Stable Broad Band Optical Detector Made from 
Mixed Cation Organic Perovskite Halides.", The Journal of 
Physical Chemistry C 125.19: 10646-10652, (2021). 
[3]Omi, Akihito, et al. "Independently programmable 
frequency-multiplexed phase-sensitive optical parametric 
amplification in the optical telecommunication band.” 
Optics Express 29.14: 21683-21697, (2021). 
[4]R. Kersting, J. Plettner, et al, "Time-resolved 
luminescence study of ultrafast carrier transport in GaAs 



           
metal-semiconductor metal devices", Applied Physics 
Letters, 732-734, (1993). 
[5]Tetseo, Menuvolu, et al. "CuO nanowire-based metal 
semiconductor metal infrared photodetector.", Applied 
Physics A 127.5: 1-6. (2021). 
[6]Gadzuk, John William. "On the detection of chemically-
induced hot electrons in surface processes: from X-ray 
edges to Schottky barriers.” The Journal of Physical 
Chemistry B 106.33: 8265-8270, (2002). 
[7]Ang, Kah-Wee, et al. "High-performance waveguided 
Ge-on-SOI metal–semiconductor–metal photodetectors 
with novel silicon–carbon (Si: C) Schottky barrier 
enhancement layer.” IEEE Photonics Technology Letters 
20.9: 754-756, (2008). 
[8]S. Y. Thou, et al, "Tera-hertz GaAs metal-
semiconductor-metal photodetectors with 25nm finger 
spacing and finger width", Applied Physics Letters, (1992). 
[9]Ferhati, H., and F. Djeffal. "New high performance 
ultraviolet (MSM) TiO2/glass photodetector based on 
diffraction grating for optoelectronic applications.", Optik 
127.18: 7202-7209, (2016).    
[10]Das, Narottam, Alif Islam, and Ain Zulaikha Maslihan 
Ain. "Nano-grating Assisted Light Absorption 
Enhancement for MSM-PDs Performance Improvement: 
An Updated Review.", Photonics, Multidisciplinary Digital 
Publishing Institute, (2021). 
[11]Tan, Chee Leong, and Hooman Mohseni. "Emerging 
technologies for high performance infrared detectors.” 
Nanophotonics 7.1: 169-197, (2018). 
[12]Li, Tao, et al. "Three-dimensional metal–
semiconductor–metal AlN deep-ultraviolet detector.” 
Optics Letters 45.12: 3325-3328, (2020). 
[13]Gao, Jianmei, et al. "2D ZIF-derived ZnO nanosheets—
an example for improving semiconductor metal oxide 
detector performance in gas chromatography through 
material design strategy.” Sensors and Actuators B: 
Chemical 307: 127580, (2020). 
[14]Santosh kumar Padhy,"effects of finger width and 
finger spacing on the electrical performance of w/cd baced 
msm photodetector", 9, (2015). 
[15]A. Habibpour, N. Das and H. R. Mashayekhi, 
"Numerical modeling of the temporal response of back-
gated metal-semiconductor-metal photodetector in an 
equilibrium condition", Iranian Journal of Science & 
Technology, 441-441, (2014). 
[16]M. L. Riaziat, "", John Wiley & Sons, (1996). 
[17]Zarifkar.Abas, et al.''optical detectors'', 8, (2003). 
[18]W. R. Eisenstadt, R. B. Hammond, and R. W. Dutton, " 
Electron Devices", IEEE Trans, 364-369, (1985). 
[19]D. R. Kania, R. J. Bartlett, et al.'' Photoconductivity and 
Picosecond Signals'', J. Appl. Phys., 44.1059-1061, (1984). 
[20]S. Y.Cho, M. Y. Liu, "namo tera-Hertz Metal-
Semiconductor-Metal", IEE Quantum Eectronic, (1992). 
[21]S. M. Sze, “Physics of Semiconductor Devices”, John 
Wiley & Sons, New York, (1981). 
[22]Low, Tony, and Phaedon Avouris. "Graphene 
plasmonics for terahertz to mid-infrared applications.", 
ACS nano, (2014). 

[23]Guo D Y, Wu Z P, An Y H, Guo X C, Chu X L, Sun C L, 
Li L H, Li P G and Tang W H Appl. Phys. Lett. 105 023507, 
(2014). 
[24]Arora K, Goel N, Kumar M and Kumar M ACS Photon. 
5 2391, (2018). 
[25]Oh S, Kim C K and Kim J ACS Photon. 5 1123, (2018). 

 


