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ABSTRACT 

 

Among direct bandgap semiconductors that are sensitive to photons in the 

ultraviolet (UV) region, ZnO is a promising photonic material because of its unique 

optical and electrical properties. At room temperature the exciton binding energy (about 

60 meV) of ZnO is larger than that of GaN (20 meV) and ZnSe (26 meV), and is well 

above thermal ionize energy. ZnO has a very high breakdown electrical field 

( 62 10 /V cm× ) which is more than two times that of GaAs. ZnO also has a much larger 

saturation velocity ( 73.2 10 / seccm× ) in comparison to GaN, SiC, and GaAs at room 

temperature. In addition, ZnO is more radiation-resistant than other semiconductors and 

is therefore a good candidate for fabricating photonic devices that can operate in extreme 

environments and conditions such as space and nuclear reactors.  

The objective of this thesis is to develop ZnO-based semiconductor photodetectors 

for UV detection with low dark current, high responsivity, and fast response time. To 

achieve this objective, an understanding of carrier recombination and transport 

mechanisms of the devices is necessary by investigating their electrical properties and 

optical properties. The photoresponse under continuous wave excitation and pulse 

excitation along with the frequency photoresponse provide characterizations and useful 

mechanism information of the devices. These measurements are also helpful to the 

optimization of the structures in the UV detectors.  

In this thesis, various ZnO UV detectors are investigated, including ZnO 

photoconductors, metal-semiconductor-metal (MSM) ZnO photodetectors with Ohmic 



 xiii

contacts, post-processed MSM ZnO photodetectors with Schottky contacts, and p-i-n 

ZnO photodetectors. Experimental data and analysis give four unique results: (1) Very 

high photoelectric gain was confirmed in ZnO photoconductors. Persistent 

photoconductivity was observed in these detectors, which is due to carriers trapped in 

surface states. (2) A high gain and high speed photo-detection was validated in ZnO 

MSM photodetectors with Ohmic contacts. (3) A extremely low dark current and very 

high UV-Visible rejection was observed in ZnO MSM photodetectors with Schottky 

contacts. (4) Two photocarrier processes were found for the first time in ZnO p-i-n 

photodetectors. Photocurrent is due to the diffusion of carriers created from the top p-

layer under lower biases, and comes from the avalanche effect in the i-layer under higher 

biases.  

For most ZnO photodetectors, the photoresponse exhibits a high visible rejection, 

with an UV/visible contrast from 3 to 5 orders of magnitude. To investigate the 

photocurrent mechanisms, the photocurrents with respect to the incident light power were 

studied using a cw He-Cd laser at 325 nm (above the bandgap) and 442 nm (below the 

bandgap). The temporal photoresponse was determined by using the fourth harmonic 

generation of a short pulsed YAG: Nd laser (266 nm). The ZnO photodetectors display a 

fast pulse response with a very short rise time and relatively long relaxation time when a 

bias is applied. Our results show that semiconductor photodetectors based on ZnO are a 

promising candidate for UV detection. 
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Chapter 1 

Introduction and Background 

 

1.1 Motivation and Research Objectives 

The portion of the electromagnetic spectrum detected by the human eye is known 

as the visible spectrum (400-700 nm).  A less known portion of the spectrum is the 

ultraviolet (UV) spectrum (100-400 nm).  Although the UV spectrum constitutes less 

than 10% of the total energy output by the sun, it is well known that long-term exposure 

of the human body to UV light can cause skin cancer. Therefore, it is necessary to 

develop practical photodetectors to monitor UV light intensity. UV detection also has 

other applications, such as flame sensors, engine control and detection of missile plumes. 

Development of new semiconductor detectors is important for UV detection [1-3].  

Photomultiplier tubes (PMT) are a popular choice in UV radiation detection. These 

photodetectors are capable of achieving large internal gains (>107), high responsivities 

(>600 A/W), and very low dark current (0.1 fA).  However, PMTs are bulky, require 

high voltages, and can easily be broken. In addition, they are not intrinsically solar-blind, 

requiring expensive external filters with associated insertion loss [4]. 

UV enhanced silicon photodiodes are another convenient UV detection choice. 

These detectors are easily made with silicon technology, are small and much sturdier than 

PMTs, and have low operating voltages. Unfortunately, due to the small band-gap of Si, 

these photodetectors have relatively high dark current, which leads to low detection.  
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They also require expensive filters for solar-blind response. 

These traditional UV detectors are either too complicated in structure, or do not have 

visible spectrum rejection. Semiconductor GaN and InGaN-based UV detectors have 

been developed for more than 10 years [1]. Various mechanisms have been explored for 

differently designed structures [2-3]. Compared to GaN, ZnO is more resistant to damage 

caused by irradiation. ZnO is a direct bandgap semiconductor with bandgap energy of 

3.37 eV. Due to its wide bandgap, ZnO has several applications in the UV wavelength 

range, e.g. light-emitting diodes, UV laser diodes and UV light detectors [5-11]. Some 

ZnO optoelectronic devices are designed for their sensitivity to the UV photons, and 

others are based on UV luminescence, stimulated emission and lasing. A special case is 

the low threshold excitonic emission at room temperature, as ZnO has an excitonic 

binding energy which is about 60 meV larger than the thermal ionization energy at room 

temperature. To achieve the excitonic emission and lasing, a high quality ZnO film is 

required [5, 8].  Modern development of ZnO electronics began with the growth of 

high-quality ZnO thin films that are either high quality single crystal films and quantum 

wells, or high crystallite quality microcrystallite films. The high quality films can be 

grown by metallorganic chemical vapor deposition [12], atomic-layer deposition [13], 

pulsed laser deposition [14], or molecular beam epitaxy [15]. With high quality ZnO 

films, various structures of UV detectors can be developed, such as photoconductors, 

Schottky contact device, and p-n junctions for practical applications.  
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The fabricate ZnO has several advantages than that of III-Nitrides, such as lower 

cost, higher quality native substrates and lower cost growth equipment [16]. Despite these 

advantages, research on ZnO lags behind that of III-Nitride systems. It is still unclear to 

understand photocurrent mechanism on ZnO UV detectors due to their defects, for 

example, presence of oxygen vacancies and zinc interstitials. Analyzed their electrical 

properties and optical properties are crucial to develop ZnO-based devices. 

 

1.2 Outline of the Dissertation 

In this dissertation, we investigate the electrical characterization, spectral 

photoresponse, and temporal photoresponse for various types of ZnO-based UV detectors. 

We also study the mechanisms through incident power dependence and low frequency 

response. The dissertation is organized as follows: 

In chapter 2, we discuss semiconductor photoconductors based on ZnO. They are 

ideal devices for weak UV light detection due to their large internal photoelectric gain 

and fabrication simplicity. The photoresponse of photoconductors based on GaN and ZnO 

show high values in UV range under large biases and relatively low values in visible 

range. Although the photoresponse of ZnO photoconductors is similar to that of 

GaN-based photoconductors, mechanisms of photoconductance between two materials 

are very different. This difference can be reflected in the optical power dependence of 

photocurrents as well as other I-V semiconductor characteristics, and has an impact on 

device design. We find that there are at least three mechanisms involved in the ZnO 
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photoconductors. At low bias and low incident light power, the photoresponse is mainly 

due to photocreation. At high light power and low bias, the light induced changes in 

space charge regions are responsible for the photocurrent. At high bias, the contribution 

from surface states is dominant [17]. 

In chapter 3, optical characteristics of MSM ZnO UV photodetectors with Ohmic 

contacts are discussed. The MSM photodetector has a primary advantage of high speed 

due to its planar structure. The detector structure consists of finger-type Schottky contacts 

between high quality n-type ZnO and Ti/Au metals. High photoresponsivity has been 

observed at wavelengths above the bandgap, which is explained by the generation and 

trapping of holes near the surface of ZnO. High rejection of the visible spectrum makes 

this device a potential candidate for visible-blind UV detectors [18]. 

In chapter 4, an annealing process was used in an oxygen ambient environment on 

the MSM ZnO photodetector consists of two interdigitated electrodes both with Ti/Au. It 

was found that the annealing process decreases contact resistance and improves 

photoresponse time. A possible result of the annealing process is the removal of surface 

defects created in the fabrication process. A sublinear power dependence of photocurrents 

reveals the existence of a light induced space charge region inside the ZnO film. The 

device displays fast pulse response with a very short rise time and a relatively long 

relaxation time with applied bias. The exponential decay tail indicates an RC type time 

response [19]. 

In chapter 5, UV detection for p-i-n ZnO photodiodes were investigated. The 
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advantages of these photodiodes are a high photoelectric gain and a high UV/Visible 

rejection ratio as a photodetector. They show good rectifying p-i-n junction behavior. 

Two physics mechanisms, photocarrier diffusion and the avalanche processes for the 

photocurrents are confirmed from various experimental data. The peak responsivity at 

372 nm is 0.9 A/W at a bias of -6 V, the quantum efficiency is 298%, and the UV/VIS 

rejection rate is larger than 104 [20]. The detectivity of the detector 

is 12 1/ 2 11.3 10 .cm Hz W −× . The detector demonstrates a short rise time and exponential 

decay with time constant 1.27 μs.  
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Chapter 2 

UV Response of ZnO Photoconductors 

 

2.1 Introduction 

Semiconductor UV photodetectors can be classified as photoconductors, Schottky 

barrier photodetectors, metal-semiconductor-metal photodiodes, p-n photodiodes or p-i-n 

photodiodes and avalanche detectors [1]. Different detectors are developed to satisfy 

practical requirements of sensitivity, speed, linearity, signal to noise ratio, and spectral 

response. Compared to other types of semiconductor photodetectors, photoconductors 

have a high internal photoelectric gain. This removes the need for a low noise 

preamplifier for photodetectors when detecting very weak signals [2, 3]. Moreover, 

photoconductors are easily fabricated at low cost.  

The photoelectric gain of semiconductor photoconductor is related to the carrier life 

time and the carrier transit time after the photo-carrier generation [4, 5, Appendix I]. To 

increase the carrier life time, any carrier quenching processes should be minimized. 

Therefore, a high quality semiconductor film is desired in the development of 

semiconductor photoconductor. Selecting a smaller distance between electrodes in a 

photoconductor can shorten the transit time, but shortening the distance also increases the 

dark current which affects the performance of device. A balance of these two factors 

should be considered in the device design. The operation of a photoconductor is based on 
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the increase of the conductivity in specific regions by photoexcitation in addition to the 

influence of the dark current. The photo-generated electrons and holes are collected by 

opposite contacts and result in a photocurrent that equals the sum of electron current and 

hole current. In experiments it is the collected current minus the dark current [6].  

For semiconductor UV photoconductors, there are photocurrent mechanisms 

associated with the lattice and detect scattering, surface recombination, surface scattering, 

and changes of space charge regions around the deep levels due to a variation of incident 

light power [7]. By considering all these effects, a high photoelectric gain is possible in a 

semiconductor photoconductor. For example, high performance semiconductor UV 

photoconductors based on GaN or AlGaN has extensively been studied. In recent years, 

high quality ZnO epitaxial films were developed so that practical photoconductors based 

on ZnO are possible. Understanding photocurrent mechanisms is important when 

designing effective ZnO photoconductors. In this chapter, we study several mechanisms 

in ZnO photoconductors with a high quality ZnO film on the 6H-SiC substrate and Ti/Au 

Ohmic contacts.  

 

2.2 Structure of ZnO UV Photoconductor 

Photoconductors are the simplest semiconductor optical detectors. A schematic 

diagram of a photoconductor with two metal-semiconductor contacts is shown in Fig. 2.1. 

Photo-carriers are generated in the semiconductor films and drift to the electrodes. The 
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metal contacts serve as the electrodes where a bias is applied across the semiconductor. 

Ideally, the contacts should be Ohmic without any energy barrier between the metal and 

semiconductor, so that electrons and holes can be injected into the semiconductor through 

the contacts and recombine with the photo-carriers. 

 

Fig. 2.1 Schematic diagram of semiconductor photoconductor that consists of a slab 

of semiconductor and two metal-semiconductor contacts at the ends. 

 

The ZnO photoconductors were fabricated by MOXtronics, Inc with high quality 

ZnO films grown on 6H-SiC substrate by using hybrid beam deposition (HBD) [8, 9]. 

6H-SiC was selected as the substrate since its lattice constant matches the lattice constant 

of ZnO. We briefly describe the fabrication process here for the purpose of correlation 

between the mechanism studies and device fabrication. The details of the fabrication have 

been reported in reference papers 8 and 9. During fabrication, a 6H-SiC substrate was 

used in an ultra-high vacuum with a temperature of 700 °C. A pulsed excimer ArF laser 

(193 nm) was used to illuminate the target, and create (Zn, O)-plasma plume. The 

deposited ZnO film was treated in oxygen RF plasma at low pressure. The thickness of 
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the active layer should be large enough so that it can absorb a significant fraction of the 

incident light but at the same time small enough so as to minimize the noise current 

resulting from the low resistance of the semiconductor layer.  

Forming good Ohmic contacts is crucial in the device fabrication. It has been found 

that multi-metal contacts, such as Ti/Au chosen as the electrodes for our photoconductors, 

result in the lowest contact resistance. The electrodes deposited on the ZnO are 

interdigitated finger shaped with 40 µm between the fingers. The width and length of 

electrode fingers are 40 µm and 800 µm, respectively. The active area of the 

photodetection is 0.35 mm2. The image of device is acquired using a CCD camera and a 

long working distance microscope, as shown in Fig. 2.2. The interdigitated electrodes are 

clearly shown in the image. 

 

 
 

Fig. 2.2 The finger shaped electrodes on ZnO photoconductor. 

 

The exploration of n-type ZnO and p-type ZnO based devices has been intensifying, 

as eventually, both n-type and p-type materials are necessary especially for p-n junction 
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development. ZnO is inherently an n-type semiconductor with extra electrons since the 

non-stoichiometry growth causes deep level defects and oxygen vacancies. When using a 

single type of semiconductor for devices such as photoconductors, n-type is preferred 

since the electrons have a higher mobility and saturation velocity [10]. In semiconductor 

photoconductor studies in this thesis, the ZnO samples were unintentionally doped 

n-type. 

  

2.3 Photocurrent Mechanisms 

The mechanisms of photocurrent were studied by using two experiments. One was 

the I-V characteristics under different excitation wavelengths. The other is power 

dependent photocurrents. I-V characteristics were measured using a picoammeter (6485 

Picoammeter, Keithley Instruments) and a voltage source (2420-C SourceMeter, Keithley 

Instruments) under both dark and UV illumination. A He-Cd laser was used as an 

ultraviolet light source to illuminate the photoconductor. The laser can provide both 325 

nm and 442 nm laser lines. As shown in Fig. 2.3, the dark current is a linear function of 

applied voltage below 2 V and a nonlinear function of applied voltage above 2 V. The 

resistance is approximately 720 Ohms using the values of current at applied voltage of 2 

V.  

As discussed in previous section, ZnO used in the photoconductor is an n-type 

semiconductor with excess electrons. Using the HBD and 6H-SiC substrate, a high 
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quality ZnO film was fabricated as evidenced by the low electron concentration (1016 

cm-3 in our samples), and minimal structural defects such as dislocations. We suppose 

that the linear contribution of dark current is from the scattering of electrons by 

background lattices and deep levels, and the nonlinear contribution of the dark current is 

from the interaction of electrons with surface states. The asymmetry of the dark current 

with respect to positive and negative voltages reveals that the nonlinear contribution from 

the surface states is localized. The surface states from chemisorptions of oxygen, where 

oxygen molecules adsorb in the oxygen vacancies, provide the most probable mechanism 

for the nonlinear relationship of the dark current. We also observed the dark current 

change due to long term illumination, demonstrating the change of absorbed oxygen in 

the surface states. 

-4.0 -2.0 0.0 2.0 4.0
-30

-20

-10

0

10

20

30

C
ur

re
nt

 (m
A

)

Bias (V)

 Dark current
 325 nm with 62 µW
 Photocurrent

 



 15 

Fig. 2.3 I-V characteristics for collected currents of a ZnO photoconductor 

under both dark and 325 nm illumination. The photocurrent (solid line) is the 

current difference with and without UV illumination. 

In Fig. 2.3, the dotted line is the collected current, I, under UV illumination at a 

beam power of 62 µW. The collected current to dark current ratio is 3 at 2 V and the 

resistance decreases to 230 Ohms with current and voltage values at 2 V. The collect 

current increases nonlinearly when the bias is above 2 V. This nonlinearity is due to the 

nonlinearity of the dark current, Id. We can define the photocurrent as Iph = I – Id. When 

the photocurrent as a function of applied voltage is plotted, it can be seen that it is almost 

a linear and symmetric function. This result demonstrates that the photocurrent is mainly 

from the creation of electron-hole pairs. The increase in photocurrent with the applied 

voltage is due to increased mobility.  
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Fig. 2.4 I-V characteristics for collected currents of a ZnO photoconductor 

under dark and 325 nm illumination. UV light power is 2.0 mW. The 

photocurrent (solid line) is the current difference with and without UV 

illumination. 

 

Under a high laser power, the photocurrent maintains a linear function at lower 

applied voltage (< 2 V) and tends to be a nonlinear function of high applied voltage, as 

shown in Fig. 2.4. The nonlinearity is due to the interaction of photo-carriers with the 

deep levels inside semiconductor, where the light intensity changes the interaction region 

around the deep levels. 
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Fig. 2.5 I-V characteristics for collected currents of a ZnO photoconductor under 

dark and 442 nm illumination. UV light power is 32 mW. The photocurrent (solid 

line) is the current difference with and without UV illumination. 

In order to investigate possible visible light detection, the photoconductor was 

excited by 442 nm wavelength from the He-Cd laser with a power of 32 mW. Fig. 

2.5 shows the I-V characteristics of the device under dark and 442 nm 

illumination. The dark current in Fig. 2.5 is identical to that of Fig. 2.3, but the 

photocurrent is quite different. When the bias is less than 2 V, the photocurrent is 

almost zero. The photocurrent is a nonlinear function of bias above 2 V. For 442 

nm laser excitation, there are no electron-hole pairs influencing the photocurrent 

since the energy of the excitation light is below the band gap of ZnO. The 

nonlinear relationship of photocurrent with the applied voltage is due to the light 
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induced changes in the surface states and space charge regions around the deep 

levels.  
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Fig.2.6 Photocurrent as a function of laser optical power under various applied 

voltages. The laser wavelength is 325 nm. 

 

Fig.2.6 shows the photocurrent as a function of incident power for 325 nm laser 

under various applied voltages. The laser was used to provide a large variation of power, 

and the maximum intensity is high enough to study the mechanisms. There are three 

processes to consider. At low power and low applied voltage, the photocurrent is mainly 

due to electron-hole pair creation where the coefficient of power dependence is larger 

than 0.5. At high power and low applied voltage, the power dependence is a sublinear 

function with a coefficient close to 0.5. This power dependence corresponds to a 



 19 

bimolecular recombination mechanism for light induced change in space charge regions 

around the deep levels [11]. At high applied voltage, the coefficient of power dependence 

is close to 0.33. This coefficient corresponds to the light induced surface state change.  
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Fig. 2.7 Photocurrent as a function of laser optical power under various applied 

voltages. The laser wavelength is 442 nm. 

When using the 442 nm laser, there are only two processes that can be seen from the 

power dependence results. This is seen in Fig. 2.7. Because no photon creation process 

can be observed under the illumination at this wavelength, the coefficients of power 

dependence are between 0.5 and 0.33. 

 

2.4 Photoelectric Gain 
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For a semiconductor photoconductor under steady state excitation, a very high 

photoelectric gain is possible depending on the quality of semiconductor material and the 

device structure. The photoelectric gain is the ratio of the number of photocarriers to the 

number of incident photons [12, 13], and it also equals to the ratio of free carrier lifetime 

to transit time (see Appendix I). So the photoelectric gain can be expressed as 

carriers

photons w

ng
n t

τ
= =                                     (2.1) 

where ncarrier is the number of collected carriers, nphoton is the number of incident photons, 

and wt is the transit time of carriers between the contacts. The gain can be less than or 

greater than unity depending upon whether the drift length is less than or greater than the 

spacing between electrodes. If the former is greater than the latter, it means that a free 

carrier swept out at one electrode is immediately replaced by injection of an equivalent 

free charge carrier at the opposite electrodes [13]. When gain is greater than unity, it 

indicates that a single photon absorption produces τ/tw carrier pairs. Before the free 

carriers disappear in the external circuit, the current continuity and charge conservation 

require that new carriers must enter the semiconductor from the external circuit until they 

eventually recombine after the free carrier life timeτ . 

The photoelectric gain can be written as another format that is directly related to the 

experimental data  

Rhcg
eλ η

=                                           (2.2)                                                                  
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where R is the photoresponsitivity, h is Planck constant, c is the speed of light, λ is the 

wavelength, e is the electron charge, and η is the quantum efficiency. From this equation, 

we can calculate the optical gain if we know the photoresponsitivity and the quantum 

efficiency. We determined the photoelectric gain for the ZnO photoconductors according 

to experimental data. The first step is to estimate the quantum efficiency. Suppose the 

energy of incident light photons is just above the band gap. All photons are absorbed by 

the ZnO film except about 10% surface reflection due to the reflectivity = ((1-n)/ (1+n))2, 

where n is the index of refraction at a given wavelength. In this case, we can estimate the 

quantum efficiency (the number of electron-hole pairs generated per incident photon) to 

be 0.9. A real number of quantum efficiency may be slightly lower than this number due 

to the absorption coefficient of the incident photons. Next step is to calculate the 

photoelectric gain using the photoresponsivity data. Fig. 2.8 shows the photoelectric gain 

as a function of the incident optical power under 325 nm laser illumination. Various 

curves in Fig. 2.8 correspond to different bias. 
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Fig. 2.8 Gain dependence on the incident optical power (laser wavelength = 325 nm) 

at biases of -0.2 V, -0.5 V, and -0.8 V. 

 

At low incident optical powers the photoelectric gain is as high as 104 under -0.8 V 

bias. Then the photoelectric gain decreases as the optical power increases. According to 

section 2.3, the photogeneration is the dominant process at low incident optical power so 

a high photoelectric gain is possible. At higher optical powers the light induced change in 

space charge region decreases the photoconductivity, therefore reduce the photoelectric 

gain. The photoelectric gain increases when the applied voltage increases. This is because 

the velocity of the carriers increases, thus shortening the transmit time between contacts 

for the carriers. If there is a longer carrier life time and shorter transit time, the result 
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gives a higher photoelectric gain. However, the transit time should not be too short as to 

keep the dark current to a minimum. 

Due to the coefficient of photocurrent dependence on the incident optical power 

being less than 1, the photoresponsivity decreases with the incident power, thus the 

photoelectric gain decreases with the optical power. Suppose the incident optical power is 

defined as P, after fitting curves to the experimental data, it can be shown that the 

photoelectric gain depends on the incident optical power approximately as P-0.5, P-0.53, 

and P-0.6, over five decades, at -0.2 V, -0.5 V, and -0.8 V, respectively. 
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Fig. 2.9 Gain dependence on the incident optical power at the biases of -0.5 V, -0.8 

V, and -1.0 V at 442 nm. 
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To investigate the relationship of the photoelectric gain with the excitation 

wavelength, a 442 nm laser was used as the excitation source and the incident optical 

power changes from 32 µW to 32 mW by using a variable neutral density filter in front of 

the device. The photoelectric gain with respect to the optical power under 442 nm 

excitation is shown in Fig. 2.9. 

The photoelectric gain decreases sublinearly with the incident power, and after 

curve fitting, their relationships are P-0.39, P-0.41 and P-0.7 at biases of -0.5 V, -0.8 V, and 

1.0 V, respectively. Thus, the photoelectric gain of the ZnO photoconductor with respect 

to the incident optical power is dependent on the excitation wavelength, which means that 

the mechanism of photo-response from UV light and visible light excitation is different. 

For example, at this wavelength the photogeneration process of electron-hole pair in the 

semiconductor is less possible. We can expect an involvement of surface states according 

to section 2.3 in this case. 

 

2.5 Spectral Responsivity  

Spectral photoresponse measurements of the ZnO photoconductor were carried out 

in the 250 nm to 700 nm wavelength range by using a Shimadzu RF-5301PC 

spectrofluorophotometer with a 150 W Xenon lamp. Light from the monochromator was 

focused to an area of 2×5 mm2. The device was placed on a two-dimensional stage and 

aligned to the center of the beam. The beam size is large than the active area of the device 
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so that the light intensity is uniform on the device and the correction factor is less than 

one. A SR810 lock-in amplifier (Standford Instruments) with a chopper was used to 

measure the photocurrent generated by the device.  

 

Fig. 2.10 Photocurrent (AC) measurement setup by lock-in SR810. 

 

When scanning the wavelength from 400 nm to 700 nm, a high-pass filter (with the 

cut-off wavelength of 400 nm) was used to block the higher orders from the grating and 

residual stray UV light from the monochromator. The incident light power was measured 

with a calibrated silicon photodiode power meter (918 UV, Newport Corporation). 

The spectral response measurement setup by lock-in amplifier is shown in Fig. 2.10. 

Due to the small resistance of the device, the main current in the circuit could potentially 

be very large, but the maximum current allowed through the lock-in is 10 µA. Therefore, 

a resistor with a small, precise resistance is needed to bypass the major current. In this 

experiment, a 2.5 Ohms resistor is used for the measurement of photocurrent. The 
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resistance for lock-in as a current meter is 1000 Ohms. If the current across the lock-in is 

Ilock-in and the photocurrent generated by light is Iphoton, the relationship between the 

photocurrent and measured current can be written as 

Iphoton = 
1000 2.5

2.5
+  Ilock-in = 401 Ilock-in                           (2.3) 

250 300 350 400 450 500 550 600
0

2

4

6

8

10

Wavelength (nm)

374 nm

 

 
P

ho
to

cu
rr

en
t (

uA
)

 

Fig.2.11 Photocurrent spectrum for ZnO photoconductor at -0.5V. 

 

The photocurrent spectrum for the ZnO photoconductor is shown in Fig. 2.11. The 

photoresponse of the device starts around 250 nm and reaches peak around 374 nm, 

which corresponds to the bandgap of ZnO [14]. The photocurrent begins to decrease after 

this wavelength, and it continues decreasing to zero at 400 nm. Beyond this wavelength, 

there is a very small photocurrent. Responsivity at the measurement wavelength was 

calculated by the ratio of the photocurrent to the incident power (A/W). A correction 
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factor was used by considering the total area of the light spot divided by the area of the 

photodiode. Fig.2.12 shows the spectral responsivity of ZnO photoconductor. 
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Fig. 2.12 Spectral photoresponse of ZnO photoconductor under an applied voltage 

of -0.5 V. 

 

The photoresponse of the device has a maximum value around 374 nm where the 

photon energy corresponds to the band gap energy of ZnO. Above the band gap, the 

photoresponse decreases slowly as the photon energy increases. The decrease of 

photoresponsivity is due to the increase of the absorption coefficient. The 

photoresponsivity begins to sharply decrease just below the band gap, and drops about 3 

orders of magnitude lower than the maximum value. We also performed the 

photoresponsivity experiments by using a pico-ampere meter.  Since the lock-in 
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technique was used for the spectral photoresponse, the absolute value is different from 

the one in DC measurements. The difference is due to the slow response of processes 

related to deep levels and surface states.  

 

2.6 Persistent Photocurrent 

Persistent photocurrent (PPC) has been observed in GaN photodetectors [15, 16]. In 

GaN, when the excitation of photocurrent is turned off, the current remains above the 

dark current for several hundred or thousand seconds. Since deep levels and surface states 

are involved in photoresponse of our ZnO photoconductors, the PPC may also be present 

in these devices. To study the PPC behavior in our ZnO photoconductors, the 

photocurrent was measured for an extended period of time with the incident light switch 

on and switch off. Fig. 2.13 shows the transient behavior of the ZnO photoconductors 

under various applied voltages. The wavelength of the incident laser is 325 nm with a 

power of 6.2 mW. When the laser is on, the photocurrent increases sharply from zero to a 

steady value. Then the photocurrent increases slowly, and begins to decrease after about 

100 seconds. The slow processes when the light is on are due to the increased 

temperature of the device from the large current. When the light is off, the photocurrent 

shows a slow decay. As shown in Fig. 2.13, the response of the photoconductors is faster 

when the applied voltage increases from -0.5 V to -1.5 V.  
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Fig. 2.13 Persistent photocurrent under biases of -0.5 V, -1.0 V, and -1.5 V and 

excited wavelength of 325 nm. 

 

PPC can be understood by the assumption that electrons are trapped in deep centers 

in n-type semiconductors [17]. The temporal photoresponse can be fit using the 

stretch-exponential relaxation law: 

0 0( ) exp( )tI t I B β

τ
= + −                        (2.3)                                                                 

where τ is the stretched-exponential decay time, β is the dispersion parameter, and I0 and 

B0 are the fitting constants, respectively.  
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Fig. 2.14 ZnO photoconductors exhibit long decay of the persistent photocurrent 

when illumination is off. 

 

The temporal decay and its exponential decay fit are shown in Fig.2.14 after the 

light is off at -0.5 V applied. The extracted decay time τ  is 133 seconds at -0.5 V. The 

estimated decay times are 91 seconds, and 79 seconds at applied voltages of -1.0 V, and 

-1.5 V respectively. Compared to previous I-V characteristics and power dependence 

results, the deep levels and surface states provide the trapping centers for the electron 

traps.  

The PPC phenomenon can also be observed when the incident laser wavelength is 

442 nm with the photon energy below the ZnO band gap. Fig. 2.15 shows two curves 
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with applied voltages of -0.5 V, and -1.0 V, respectively. The incident laser power is 32 

mW.  
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Fig. 2.15 Persistent photocurrent under biases of -0.5 V, and -1.0 V and excitation 

wavelength of 442 nm. 

 

It was found that the current increases sharply to a plateau just after the incident 

laser is turned on, and the photocurrent increases slightly during the illumination. After 

the incident light is turned off, the currents exhibit a slow exponential decay. The decay 

profile and its fit curve at -0.5 V are displayed in Fig. 2.16. The decay time τ is 289 

seconds at -0.5 V, and 244 seconds at -1.0 V from the fit curves, which are two times 

than that of the decay times under 325 nm illumination. This result demonstrates that the 

PPC effect is larger for photon energies below the band gap. The result is reasonable 
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since the photocurrent below the band gap is due to the deep levels and surface states, 

which have a longer time response.  

300 400 500 600 700 800 900

0.01

0.02

0.03

0.04

Light off

 

 

C
ur

re
nt

 (m
A

)

Time (s)

 -0.5 V at 442 nm
 Exponential fit

 

Fig. 2.16 ZnO photoconductors exhibit a long decay of the persistent photocurrent 

when 442 nm light is off at -0.5 V. 

 

2.7 Conclusions 

In conclusion, we have characterized ZnO photoconductors and studied 

mechanisms involved in the photoresponse. The photoconductors showed very high 

optical gains in the UV region, and very small photoresponse in the visible light region. 

Spectral photoresponse measurements were performed from 250 nm to 700 nm under 

various applied voltage. The maximum photoresponse was at 374 nm, which corresponds 

to the band gap energy of ZnO. The UV/VIS rejection ratio was more than 3 orders of 



 33 

magnitude. The ZnO photoconductors show bias-dependent responsivity, and are 

sublinearly dependent on incident optical power. The devices also show a persistent 

photoconductivity behavior, and the photoresponse as a function of time and applied 

voltage was analyzed. Three mechanisms involved in the photoresponse of ZnO 

photoconductors: (i) photogeneration, (ii) change of space the charge regions responsible 

for the photocurrent, and (iii) surface states. The photocurrent decay is due to the 

recombination of electrons in the deep levels or surface states. 
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Appendix I. Derivation of Photoelectric Gain for Photoconductors 

The photoconductor is essentially a radiation-sensitive resistor. Therefore the 

photoelectric gain can be determined by using the photoconductivity. To simplify the 

process, we use a model shown in the schematic diagram in Fig. 2.1. This means that we 

only consider one dimensional problem. In addition, a steady state excitation is assumed 

in the photoexcitation. 

A photon of energy hυ  greater than the bandgap energy Eg is absorbed to produce 

an electron-hole pair, thereby changing the electrical conductivity σ  of the 

semiconductor. The conductivity in the absence of illumination is found as follows from 

the current density J, velocity V, charge density ρ , electric field E, and mobility µ. 

J Eσ=                                  (I.1) 

At the same time, J can be expressed as  

J V Eρ ρµ= =                            (I.2) 

where V = Eµ ; 

Thus,  

σ µρ=                                  (I.3) 

In a semiconductor material, eµ  is the electron mobility, hµ is the hole mobility, 

eN is the density of electrons in conduction band, and hN is the density of holes in the 

valence band. The conductivity can be expressed as follows 

( )e e h he N Nσ µ µ= +                        (I.4) 
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When the material is illuminated, an excess density of charge carriers eN∆ = 

hN∆ = N∆  will be created by photon absorption and the conductivity will change by 

( )e he Nσ µ µ∆ = + ∆                         (I.5) 

We assume that the electromagnetic power is uniform through a volume V = wld = 

wA, where w is the distance between the contacts and A is the cross sectional area, and 

the carriers have an average lifetime of τ . The rate equation for the excess charge 

carriers concentration in the semiconductor is [I.1] 

sd N N
dt t

φ η
τ

∆ ∆
= −                          (I.6) 

where sφ  is the photon flux density, and η  is the quantum efficiency. 

s
P t

wA h
φ

ν
×

=
×

                            (I.7) 

So the differential equation for the excess charge carriers can be expressed as 

d N P N
dt wAh

η
ν τ

∆ ∆
= −                       (I.8) 

In a steady state N∆  is a constant so that the left side in the equation is satisfied as 

d N
dt
∆ =0                               (I.9) 

Therefore 

PN
wAh
η τ

ν
∆ =                            (I.10) 

And then  

( )e he P
wAh

ητ µ µ
σ

ν
+

∆ =                     (I.11) 

The photocurrent density was found as 

( )pJ Eσ= ∆                            (I.12) 
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The generated photocurrent is given by 

( ) ( )e h e h
p p

e eII J A E P P
wh A wh

ητ µ µ ητ µ µ
ν σ ν
+ +

= = = ×        (I.13) 

The photocurrent responsivity can be expressed as follows 

( )p e hI Ie
P Awh

ητ µ µ
σ ν

+
ℜ = =                      (I.14) 

The photoelectric gain is the ratio of number of photo carriers to the number of incident 

photons 

( )

( )

carriers e h

photons w

e h e h

n Eg w wn w t
E V V

τ µ µ τ τ τ

µ µ

+
= = = = =

+ +

    (I.15) 

where wt is the transit time of carriers between the contacts.  
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Chapter 3 

ZnO MSM UV Detector with Ohmic Contacts 

 

3.1 Introduction 

Metal-semiconductor-metal (MSM) photodetector was proposed and demonstrated 

for high-speed optoelectronic applications by Sugeta and Urisu in 1979 [1]. MSM 

devices are important high-speed photodetectors because of their high electrical 

bandwidth, high sensitivity and performance, ability to generate ultra-short electrical 

pulses, simple processing, and compatibility with large-scale planar integrated circuit 

technology [2-6]. Semiconductor photoconductors have very high photoelectric gain, as 

shown in chapter 2. However, a high gain photoconductor is in general very slow. The 

response time of a photodetector can be increased by reducing the carrier life time in the 

semiconductor, but the photoelectric gain normally decreases in this case, which means 

that a high-speed photodetector in general has a lower sensitivity. Another figure of merit 

for a semiconductor photodetector is the gain-bandwidth product that is only determined 

by the transit time [7]. Photoconductors can not satisfy this requirement due to their low 

resistances.  

MSM photodetectors are photodiodes with two contacts, either Schottky or Ohmic 

contacts. The semiconductor between the contacts has a higher resistance in contrast to a 

relatively low resistance in photoconductors. When using MSM photodetectors, incoming 

photons create electron-hole pairs that are subsequently separated by an applied electrical 
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field. The photo-carriers overcome the barriers and are collected at the contacts, thus 

creating an electrical current. The execution of the MSM differs from that of other high 

speed photodetectors such as p-i-n photodetectors in that it has a planar, rather than 

vertical, device structure [8]. This is an advantage in high speed applications since the 

MSM structures can be integrated with amplifiers and/or emitters [9].  

 

 

 

Similar to semiconductor photodetectors, two metal-semiconductor contacts (or 

diodes) serve as electrodes in a MSM photodetector. During operation, a bias voltage is 

applied to the electrodes. One of the diodes is forward biased and the other is reverse 

biased. A typical structure of MSM photodetector is shown in Fig. 3.1. In practice the 

contacts can have a multi-layer structure, or even with the metallic atoms diffused into 

the semiconductor. We should keep in mind that the most important applications of MSM 

n-type ZnO

Light

V-

Semiconductor

V+

(a) (b)

Metal

Contacts

+ -

Fig. 3.1 (a) Top view of the fabricated ZnO MSM photodetector. (b) The 

cross-section of the detector. 
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detectors are for the high speed with a relatively high gain, in contrast to high gain and 

low speed applications of photoconductors. Additional advantages of MSM structures 

over other photovoltaic detectors are their fabrication simplicity, low dark current, low 

noise, and suitability for integration with field effect transistors [10]. 

Wide-bandgap semiconductors, such as GaN and AlGaN MSM photodetectors 

have been extensively studied and show high photoresponsivity. However, these devices 

suffer from the problem of persistent photoconductivity due to deep level defects, grain 

boundaries and surface states in the material. As a wide-bandgap II-VI semiconductor, 

ZnO is a potential candidate for UV detection. Previous MSM UV detectors based on 

ZnO showed either relatively low photoresponsivity or lacked the capability of visible 

rejection due to quality of the films. In this chapter and next chapter, new MSM detectors 

based on high quality ZnO films are introduced. The mechanism of carrier generation and 

recombination has been studied to explain the observed photoresponse. 

 

3.2 Metal-Semiconductor Contacts 

Metal to semiconductor contacts can be found in most semiconductor 

photodetection devices, and contacts cannot be assumed to have a resistance as low as 

that of two connected metals. In particular, a large mismatch between the Fermi energy 

level of the metal and semiconductor results in a high-resistance rectifying contact, 

namely, a Schottky contact. This rectifying contact results in a built-in barrier, but it can 

be a complicated process due to surface states of semiconductor, metal-induced gap states 
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and chemical reactions between the metal and semiconductor.  

The operation of MSM photodetectors based on Schottky contacts is photovoltaic. 

Reducing resistance at the contacts such as Ohmic contacts gives higher photoelectric 

gain. Therefore, fabrication of high quality Ohmic contacts has been interested both in 

GaAs based and GaN based photodetectors [11-17]. Although proper choice of materials 

for the contact can provide a low resistance as Ohmic contact, Schottky contacts may also 

show Ohmic behavior in some structures. This chapter deals with Ohmic contacts for 

ZnO MSM detectors as potential high speed and high gain applications.  

 

3.3 Ohmic Contacts 

An Ohmic contact is defined as a metal-semiconductor contact that has negligible 

contact resistance relative to the bulk or series resistance of the semiconductor. It is a 

low-resistance junction providing conduction in both directions between the metal and 

the semiconductor. Ideally, the current through the Ohmic contact is a linear function of 

the applied voltage and has a bias-independent resistance. Compared to Schottky contacts, 

Ohmic contacts also improve the field uniform in semiconductor in interdigitiated MSM 

structures so that the devices with Ohmic contacts show an advantage for high-speed 

applications [18].  

There are two general types of Ohmic contacts [19]. The first type is the ideal 

non-rectifying barrier. The other type is the tunneling barrier. The contact for the MSM 

photodetectors discussed in this chapter belongs to the first type. A metal-semiconductor 
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junction results in an Ohmic contact if the Schottky barrier height, b m sφ φ χ= − , is zero 

or negative, where mφ  is the work function of the metal, sφ  is the work function of an 

n-type semiconductor, and sχ  is the electron affinity for the semiconductor. In such 

case, the carriers are free to flow in or out of the semiconductor so that there is a minimal 

resistance across the contact. For an n-type semiconductor, this means that the work 

function of the metal must be close to or smaller than the electron affinity of the 

semiconductor. The energy band diagram for a metal-semiconductor (n-type) junction 

with s mφ φ>  is shown in Fig. 3.2. There is no potential barrier, and equal currents will 

flow under forward and reverse bias. These junctions are termed Ohmic contacts which 

satisfy Ohm’s law.  

 

mφ sφsχ
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Ev

Vacuum level

n- semiconductor

Metal
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EF

Ev

(a) (b)

Metal

 

Fig. 3.2 Energy-band diagram of metal and n-type semiconductor (a) before contact, and 

(b) after contact for a metal-semiconductor junction. The dash-dot lines represent Fermi 

levels. Ec is the conductive band energy. Ev is the valence band energy. EF is the Fermi 

energy.  
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For an Ohmic contact, the sources of current are the two dominant electron 

transports under bias: thermionic-field emission and field emission. As shown in Fig. 3.3, 

the thermionic emission is the flow of charge carriers due to thermal energy given to the 

carriers overcoming restraint force on them. The Field emission is an emission of 

electrons induced by the electric field, and the thermionic-field emission is flow of 

electron due to the electrical field and thermal energy.  

 

For a good Ohmic contact, the current-voltage characteristic is a linear function. A 

very small resistance is observed that is negligible compared to the resistance of the 

active region of the semiconductor device. The specific contact resistance R is defined as 

the reciprocal of the derivative of current density J with respect to the voltage V 

evaluated without bias. The R can be written as 

1

0|V
JR
V

−

=

∂ =  ∂ 
                                    (3.1) 

For a rectifying contact with a low to moderate semiconductor doping 

concentration, the current-voltage relation is given by 

Ec 

EF 

Ev 

Fig. 3.3 Possible conduction processes in a forward-biased Ohmic contact. 

Thermionic-field emission 

Field emission 
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* 2 exp( )[exp( ) 1]b
n

e eVJ A T
kT kT

φ−
= −                      (3.2) 

where k is the Boltzmann constant, e is the electron charge, and T is the temperature. A* is 

a constant. The thermionic emission current is dominant in this junction. The specific 

contact resistance R for this case is then 

* 2

( )exp( )bekT
e kTR

A T

φ+

=                                 (3.3) 

The specific contact resistance decreases rapidly as the barrier height decreases. 

 

3.4 MSM Photodetectors with Ohmic Contacts 

A MSM photodetector consists of back-to-back Schottky diodes. As mentioned, 

Schottky diodes consist of a semiconductor and metal electrode. The two contacts could 

be Ohmic contacts or non-Ohmic contacts.  For two Ohmic contacts in a semiconductor 

photodetector with bias voltage, the energy band diagrams are shown in Fig. 3.4.   

 

Metal 

Ec 

Ev Metal 

Ec 

Ev 

EF EF 

(a) (b) 

Fig. 3.4 Ideal energy band diagram of a metal and n-type semiconductor 

Ohmic contact (a) with a positive voltage applied to the metal and (b) with a 

positive voltage applied to the semiconductor. 
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The band diagram of a MSM photodiode with Ohmic contacts is shown in Fig. 3.5.   

 

 
 

3.5 Device Parameters 

The MSM UV photodetectors used in this chapter consist of two interdigitated 

electrodes with Ti/Au metals on high resistance n-type ZnO. The n-type ZnO film was 

grown by MOxtronics, Inc using hybrid beam deposition, and the detailed growth 

procedures can be found in references [20, 21]. The distance (gap) between the fingers is 

50 µm, and the width and length of an electrode fingers are 50 µm and 800 µm, 

respectively. The image of the device is recorded by a CCD camera and a long working 

distance microscope with a scale calibration using a USAF test chart, as shown in Fig. 3.6.  
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Fig. 3.5 Energy band diagram of a MSM photodiode with Ohmic contacts under 

bias. 
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Fig. 3.6 The finger shaped electrodes for the MSM UV photodetector with Ohmic 

contacts. 

3.6 Device Characterizations 

General parameters of UV photodetectors are photoresponsivity, device speed or 

response bandwidth, linearity, noise level, and dark current [22, 23]. The relative 

importance of each parameter will depend on the application, and the parameters are not 

independent of each other. For instance, by changing the distance between the electrodes 

of a photodetector whose bandwidth is limited by transit time without electric field 

saturation, one can increase the bandwidth at the expense of photoresponsivity. 

The direct current (DC) photocurrent was measured using a current meter (Keithley 

Instruments 6485) under bias voltages between –5 V to 5 V applied to the detector. The 

low frequency dependence of the photocurrent was studied using a lock-in amplifier 

(Stanford Research System SR810) and a chopper. A monochromatic light source was 

provided by a Shimadzu spectrofluorophotometer (UV5301) using a 150W Xe lamp. The 

excitation light source was provided by scanning from 200 nm to 700 nm with a 2 nm slit 

width. To quantify the photoresponsivity, we measured the monochromatic light intensity 
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at each wavelength using a UV enhanced Si detector (Newport 918-UV) and calculated 

the intensity according to the beam size. The photodetector responsivity and its 

dependence on optical power were determined by exciting with focused gas lasers 

(He-Cd, λ1 = 325 nm and λ2 = 442 nm). The high speed response of the detector was 

measured by using the fourth generation of a Nd: YAG laser (266 nm) with 9 ns pulses at 

a repetition rate of 10 Hz. Experimental details can be found in previous papers [24-25]. 

  

3.6.1 I-V Characteristics 

In a UV photodetector, photocarriers (electrons and holes) are generated when a 

UV light impinges on the semiconductor between the electrodes. They are collected by 

the electrodes and thus can form a photocurrent. In this study, a UV laser light (325 nm) 

with power of 6.2 mW was used. A Keithley 6485 Picoammeter is used to record the 

photocurrent. The experimental setup is shown in Fig. 3.7. 

Helium Cadmium Laser

A

Applied source

Picoammeter
ND filter

UV fused lens

MSM photodetector

 

Fig. 3.7 Experimental setup for DC photocurrent measurements. 
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Fig. 3.8 Dark and photo-illuminated currents of the ZnO MSM UV photodetector. 

 

I-V curves with and without illumination are shown in Fig. 3.8. The I-V curve 

exhibits nearly anti-symmetric behavior and current is a linear function of bias. Since no 

Schottky behavior is observed in both dark current and photocurrent, we verify that the 

metal and semiconductor form Ohmic contacts or Ohmic-like contacts. In addition, the 

resistance of this device is high, about 40 times higher than that of the photoconductor 

reported in chapter 2 under the same UV illumination. High resistance shows that the 

device is suitable for high-speed applications. 

The dark current is low, on the order of µA. At 0 V, the dark current reads 2.5 pA. 

For biasing between -1 V to -6 V, the dark current produced ranges from -7.2 µA to -58 

µA, whereas biasing voltages between +1 V to +6 V produce dark currents from 7.2 µA 

to 61 µA As the contacts are identical in the MSM structure, the bias was applied without 
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polarity. The positive and negative signs of biases are for experimental convenience. Low 

dark current improves the signal to noise (S/N) ratio of the detector. For MSM 

photodiodes, the dark current of the device is primarily determined by the thermionic 

emission over the barrier. The electron injection at the reverse-biased contact at low 

biases is the dominant conduction mechanism. With the bias, the hole injection at the 

forward-biased contact also becomes a significant factor. The hole injection tends to 

dominate after the reach-through condition (the two depletion edges coincide) is reached. 

The total current density under these conditions is given by [26]: 

( ) /( ) /2 2 bp bp Bbn bn B q k Tq k T
n PJ A T e A T e− Φ −∆Φ− Φ −∆Φ= +               (3.4) 

where A’s are the respective Richardson constants and ∆Φ’s are the respective barrier 

height lowerings due to the image force effect. The subscripts n and p represent electron 

and hole, respectively. 

Under a -6 V applied bias, it is found that the dark current was 58 µA, and the 

photocurrent is 1389 µA. The ratio of photocurrent to dark current is 24. Under a +6 V 

applied bias, the photocurrent generated by photons is 1375 µA, and the ratio of 

photocurrent to dark current is also 24. Once again we can see the symmetric properties 

of the dark current and the photocurrent, as expected for the MSM structures. 

 

3.6.2 Spectral Photoresponsivity 
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Fig. 3.9 Spectral photoresponsivity of the MSM ZnO detector at biases of 2 V and 3 
V. 

 

The spectral photoresponsivity is shown in Fig. 3.9. Bias voltages (2 V and 3 V) 

were applied to the device, and the lock-in technique was used to take photocurrent 

measurements. Spectral photoresponsivity above the band edge of ZnO has been 

observed to be relatively flat, reaching its peak at 372 nm. Below the band edge the 

photoresponsivity drops quickly and arrives the noise floor of the detector in the visible. 

A tail of photoresponsivity near the band edge indicates the density of states for carriers 

extending from the valence band edge into the forbidden gap [27]. This tail can be 

explained by trapped holes after carrier generation. However, unlike spectral 

photocurrent in undoped n-type GaN, the holes are not trapped by the deep levels. Thus, a 

long-timescale persistent photocurrent cannot be observed in the present device. This 

result is different from the persistent current of photoconductor reported in chapter 2 

where the deep levels contribute to the photocurrent. The result is important for 
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applications to UV detectors because persistent behavior adversely influences device 

performance.  

 

3.6.3 Photocurrent versus Irradiance 

One of figures of merit of a photodetector is its linearity under various incident 

intensities. To observe the linearity, a series of experiments were performed for the MSM 

photodetector under different biases. Photocurrent versus irradiance also provides an 

understanding of possible mechanisms of photocurrent process, which is important to 

optimize the photodetector. 

Light with photon energy greater than and smaller to the bandgap has been used for 

the excitation. A relatively high power He-Cd laser (with wavelength 325 nm and 442 nm 

and power of 6.2 mW and 35 mW respectively) was used to elucidate the process by 

measuring photocurrent versus incident intensity. For 325 nm laser, the power was 

adjusted from 41 nW to 0.3 mW by using a combination of neutral density (ND) filters. 

The intensity of the laser was calculated using the beam size of the laser and the effective 

area of the photodetector. The measured photocurrent versus optical intensity and the 

corresponding fit curve are shown in Fig. 3.10. From the curve fitting, the photocurrent 

increases with the optical intensity as a function Iphotocurrent ∝ (P/A)0.84, where P is the 

light power and A is the effective area. The coefficient of the power is close to one, 

showing that the creation of electron-hole pair is the main mechanism of photocurrent. 
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Fig. 3.10 Photocurrent versus optical intensity in ZnO MSM photodiodes for 

excitation over the bandgap (325 nm) at -3 V. 

 

Though the photocurrent is very small under 442 nm excitation, the photoresponse 

is still measurable for a focused laser light with its photon energy below the bandgap. The 

initial power is 35 mW for the focused 442 nm laser. The photocurrent versus optical 

intensity for ZnO MSM photodiodes is depicted in Fig. 3.11 for biases of -1 V, -3 V, and 

-4 V. Under various biases, the photocurrent increases with the optical intensity as the 

same function Iphotocurrent ∝ (P/A)0.81, which means that the photocarrier process is mainly 

intrinsic. Similar result has also been reported in AlGaN based photodetector [28].   
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Fig. 3.11 Photocurrent versus optical power in ZnO MSM photodiodes for 

excitation over the bandgap (442 nm) at -1 V, -3V, and -4V. 

 

3.6.4 Photoresponsivity versus Bias 

This section will give an evidence of photoelectric gain of MSM photodetector 

with Ohmic contacts. Most Schottky contact device shows a saturation of photocurrent at 

higher electric fields. But for Ohmic contact, a high electric field can give a high 

photoelectric gain, just like photoconductors. The photoresponse and photoresponsivity 

as a function of bias and excitation with incident photon energy over the bandgap were 

analyzed for the ZnO MSM photodetector. The input power was about 2 µW and the 

lock-in frequency is 200 Hz. The photocurrent is plotted against the applied bias in Fig. 

3.12. The photocurrent increases linearly with the applied bias. 
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Fig. 3.12 The photocurrent as a function of bias for the ZnO MSM photodetector 

under excitation wavelength of 325 nm. 
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Fig. 3.13 The responsivity vs. bias for the MSM photodetector at 325 nm. 

 

We further calculate the photoresponsivity using the optical power and the effective 

illumination area, as shown in Fig. 3.13. The slope between the responsivity and the bias 
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is 1.0 showing that the responsivity increases linearly with the applied bias, and it 

excesses 100% efficiency, showing the evidence of photoelectric gain. 

To quantify the photoelectric gain, we use a quantity named quantum yield that is a 

product of quantum efficiency and optical gain [29-31], 

q
Rhcgcre λ

ηη ==                                      (3.5)                                                         

where ηcre is the quantum efficiency that is defined as the number of electron-hole pairs 

generated per incident photon, g is the optical gain (the number of carriers passing 

through the contact per each generated electron-hole pair), h is the Planck’s constant, c is 

the speed of light, and q is the electron charge. The quantum yield as a function of bias is 

shown in Fig. 3.14.  
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Fig. 3.14 The quantum yield vs. bias for the ZnO MSM photodetector under 325 

nm excitation. 
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At 0.39 V, the quantum yield is equal to 100% with the 325 nm excitation. The 

quantum yield increases to about 550 % under bias of 2 V, and continuously increases to 

830 % with bias of -3 V. The high quantum yield is due to the optical gain inside the high 

quality semiconductor thin film. 

 

3.7 Low Frequency Characterization 

Although the device studied in this chapter shows no persistent photocurrent, the 

low frequency signals are influenced by low frequency noises such as 1/f noise and/or 

Johnson noise. To study the low frequency photoresponse, the frequency dependence of 

lock-in signals was measured under different wavelengths, as shown in Fig. 3.15. 
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Fig. 3.15 The photoresponse as a function of chopper frequency measured at three 

wavelengths: 372 nm, 340 nm, and 310 nm [19]. 
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The data was fitted using a low-frequency response equation [32] 

 1
2 2

(0)( )
(1 (2 ) )r

II f
fπ τ

=
+

                             (3.6) 

where I(f) and I(0) are the photocurrents and f is the chopper frequency. The low 

frequency response time rτ  is determined to be 2.1 ms at 372 nm. This value is an order 

of magnitude smaller than that of undoped n-type GaN.  

 

3.8 Short-Pulse Response  

The last section of this chapter deals with high speed and high gain characteristics of 

the ZnO MSM UV photodetector with Ohmic contacts. By using a nanosecond laser, high 

frequency photoresponse up to 0.1 GHz can be detected. The fast time response for the 

device at biases (15 V and 20 V) was measured using a fourth-harmonic generation of a 9 

ns YAG pulse laser at wavelength of 266 nm and repetition rate of 5 Hz. The short pulses 

were focused onto the device using UV enhanced mirrors and UV lenses. The detector is 

biased using a DC voltage source. A HP 300 MHz digital oscilloscope was used to observe 

the photogenerated pulse from the device. The oscilloscope was triggered by using a 

synchronous signal from the YAG laser. We also used a GHz oscilloscope for the time 

response measurements. The results are the same for the GHz oscilloscope and 300 MHz 

oscilloscope. In fact the 300 MHz oscilloscope is fast enough for the measurement since 

the time response of the photodetector is in a microsecond range.  



 59 

-1.0x10-4 0.0 1.0x10-4 2.0x10-4 3.0x10-4 4.0x10-4

-0.3

0.0

0.3

0.6

0.9

1.2

 

 

R
es

po
ns

e 
(a

.u
.)

Time (s)

 20 V
 15 V

 

Fig. 3.16 Temporal response for the ZnO MSM UV photodetector at 15 V, and 20 V. 

 

The time response signals obtained at room temperature for 15 V and 20 V are 

plotted together after normalization in Fig. 3.16. A 50 Ohm resistor was used in the input 

of the oscilloscope to prevent any ringing effect (reflections from the BNC cable due to 

high frequency signals). The high photocurrent value with the 50 Ohm impendence 

demonstrates the photodetector is a current source. The photoresponse has a high 

efficiency when using the incident power to calculate the quantum efficiency. 

The ZnO MSM UV detector displayed fast pulse response with very short rise 

times and relatively long relaxation times. It also displayed faster response with the 

increase of bias (39.4 µs at 15 V and 29 µs at 20 V). The exponential decay tail indicates 

the response time is limited by the carrier transit time [33]. Since the measured response 

times at low frequency (<1 kHz and 50% duty cycle) and short pulse excitations (~ 8 ns) 
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are all longer than the calculated RC time constant, we believe that the transit time of 

carriers near the surface and between Ohmic contacts plays an important role in the 

photoresponse. 

Research activities in GaAs MSM photodetectors have, so far, been mainly 

stimulated by the high-speed potential of these devices. For transit-time limited detectors, 

the intrinsic speed response depends strongly on the finger spacing and applied bias. An 

appropriate scaling rule to design high-speed MSMs is to reduce the finger spacing to 

decrease the intrinsic response time, thereby increasing speed and achieving a very high 

electric field between the fingers with a low bias [5]. 

 

3.9 Conclusions 

A highly efficient and high speed ZnO MSM UV photodetector has been confirmed 

and characterized. The device shows excellent visible rejection, with more than 4 orders 

of magnitude difference between UV and visible photoresponsivity, and the time constant 

is 29 µs at 20 V. The results show that these devices are potential candidates for 

high-speed visible blind UV detectors. 
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Chapter 4 

High Performance ZnO MSM Schottky Detectors 

 

4.1 Introduction 

In 1938 Schottky suggested that a rectifying behavior for a potential barrier at 

semiconductor-metal interface as a result of stable space-charge distribution (depletion 

layer) in the semiconductor [1]. The model arising from this consideration is known as 

the Schottky-Mott model [1, 2] that pointed out the barrier height to be the difference of 

the metal work function and the semiconductor electron affinity. The model was 

modified by Bardeen according to the Fermi level pinning due to the interface states at 

their charge neutrality level [3]. Metal to semiconductor contacts are of great importance 

since they are present and functioned in most semiconductor devices. These contacts can 

behave as a Schottky type or as an Ohmic type dependent on the characteristics of the 

interface.  

Schottky detectors have extremely low dark current since high resistance of 

semiconductor and rectifying nature of the contacts. Other advantages as described in 

previous chapter include fabrication simplicity, absence of high-temperature diffusion 

process, and high-speed response. These advantages make Schottky devices or MSM 

devices with Schottky contacts promise UV detectors with extremely high UV-visible 

contrast. Semiconductor Schottky UV detectors and MSM Schottky detectors based on 

GaN have been developed for many years [4-7]. An essential improvement in the 



 66 

development of ZnO UV detectors is growth of high quality semiconductor films. With 

high quality ZnO films, various structures of UV detectors can be developed for practical 

applications. In photodetection applications, even with high quality films, surface defects 

should be considered when forming contacts on the film’s surface. This is especially true 

for Schottky contacts. ZnO MSM photodetectors with Ohmic contacts have been 

discussed in chapter 3. In this chapter, we demonstrate the optical characteristics of 

back-to-back Schottky contact structures, namely, MSM ZnO UV detectors, and we show 

how to improve optical properties of the device with post-processing. 

 

4.2 Device Parameters and Experiments 

The structure of ZnO MSM UV photodetectors are similar to the devices reported 

in chapter 3. The detectors consist of two interdigitated electrodes with Ti/Au metals on 

n-type ZnO that is grown by MOxtronics, Inc using hybrid beam deposition [8, 9]. The 

distance (gap) between the fingers is 50 µm, and the width and length of an electrode 

fingers is 50 μm and 800 μm, respectively. The image of electrodes in ZnO MSM 

photodetector is shown in Fig. 4.1. 
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Fig. 4.1 The finger shaped electrodes on ZnO MSM UV photodetector. 

In this work, we investigate the electrical and optical characteristics of the ZnO 

photodetector and follow with a discussion of post-processing. Experimental methods for 

characterization were similar to that used in chapter 2 and chapter 3. Briefly, the detectors 

were biased with a voltage source (Keithley 2420-C SourceMeter) and the currents were 

read with a picoammeter (Keithley 6485). Spectral responsivity studies were obtained by 

using a 150W Xe arc lamp, monochromator and lock-in amplifier. The optical system was 

calibrated with a UV enhanced detector. The photodetector responsivity and its 

dependence on optical power were determined by exciting with focused gas lasers (He-Cd, 

λ1 = 325 nm and λ2 = 442 nm). The response time of the detector was measured by using the 

fourth generation of Nd: YAG laser (266 nm) with 9 ns pulsewidth and 5 Hz repetition rate. 

Experiment details can also be found in previous papers [10-13].  

 

4.3 Schottky Contacts 

Nonlinear current transport across a metal-semiconductor contact is a well known 

phenomenon. The potential barrier responsible for this behavior is due to the presence of 

a stable space-charge layer (depletion layer). When a metal and semiconductor are in 

contact, there exists a potential barrier between the two that prevents carriers (electrons 

and holes) from passing from one side to the other. Very few carriers have enough energy 

to cross or tunnel the barrier and go into the other material. When a bias voltage is 
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applied to the junction, the barrier height will be increased or decreased from the 

semiconductor side. The barrier height from the metal side is not changed with the bias. 

When the junction conducts for one bias polarity and does not conduct for other, it is 

called a Schottky barrier, or rectifying contact. Typical I-V characteristics for this device 

are shown in Fig. 4.2. 

 

 

 

Fig. 4.2 Illustration of current-voltage characteristics of a diode from rectifying due 

to Schottky barrier. 

The barrier between the metal and the semiconductor can be identified from an 

energy diagram. Fig 4.3 shows the energy bands of a metal and an n-type semiconductor 

before contact is made. mφ  is the work function of the metal, sφ  is the work function of 

the n-type semiconductor, and sχ  is the electron affinity for the semiconductor.  
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From the diagram, the Fermi level of the n- type semiconductor is higher than the 

Fermi level of the metal before the contact is made. The mobile electrons in the 

semiconductor are at higher energy levels than the electrons in the metal. The 

electrostatic potential of the semiconductor must be raised to align the Fermi levels. This 

happens as electrons are transferred from the semiconductor to the metal until the Fermi 

levels are aligned. This causes band-bending and a depletion region is created in the 

semiconductor, as shown in Fig 4.4 (a).  

 

mφ

sφsχ
Ec 

EF 

Ev 

Vacuum level 

n- semiconductor 
Metal 

Fig 4.3 Energy-band diagrams of a metal and an n-type semiconductor before 

contact. 

EF, metal 
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The barrier height bφ  for the electrons in the metal is equal to the difference 

between mφ  and sχ , namely ( b m sφ φ χ= − ). At the semiconductor-metal interface, this 

energy-band offset between the semiconductor and the metal is preserved. The 

band-bending or built-in potential, Vbi, for electrons in the semiconductor is equal to the 

value of ( )m sφ φ− . Without external bias (V = 0), the built-in potential, Vbi = m sφ φ− , 

prevents further net electron diffusion from the conduction band of the semiconductor 

into the metal. Vbi can be decreased or increased by application of either forward or 

reverse bias.  

Fig 4.4 Band diagram of metal and n-type semiconductor (a) at zero bias, (b) at 

forward bias, and (c) under reverse bias. 
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The current in a metal-semiconductor contact under bias is determined by the flow 

of electrons from the semiconductor to the metal (diffusion current) and vice versa (drift 

current). In equilibrium, these two components are equal. 

The band diagrams of a metal semiconductor junction under forward bias are 

shown in Fig 4.4 (b). As a positive bias is applied to the metal, the Fermi energy of the 

metal is lowered with respect to the Fermi level in the semiconductor. This results in a 

smaller potential drop across the semiconductor, enabling electrons in the semiconductor 

to overcome the barrier and travel into the metal. The number of electrons that move in 

the opposite direction, from metal to semiconductor, is the same as in the case of reverse 

bias. Importantly, the current of the electrons from the semiconductor dominates. 

Moreover, this current increases exponentially with the forward-bias voltage [14]. 

When forward bias is applied, the current density of electrons transferring from 

semiconductor to metal is given by 

0 exp( )s m sm
eVJ J
kT→ =                                 (4.1) 

where e is the electron charge, k is the Boltzmann constant, and T is the temperature. 

The electron flow from metal to semiconductor remains unchanged, since bφ  is 

unchanged. The current density of electrons from metal to semiconductor is given by, 

0
m s msJ J→ =                                        (4.2) 

Since there is no net current when no bias is applied to the contact, 0 0
sm ms sJ J J= = . 

We call sJ  the reverse saturation current. Since s m m sJ J→ →> , the net current flow from 

metal to semiconductor is expressed, 
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  exp( ) exp( 1)s m m s s s s
eV eVJ J J J J J
kT kT→ →= − = − = −              (4.3) 

Thus, the current is an exponential function of applied forward bias.  

When a negative voltage is applied, as shown in Fig 4.4 (c), the Fermi energy of the 

metal is raised with respect to the Fermi energy of the semiconductor. The potential Vd 

across the semiconductor increases with the negative voltage reverseV , since d bi reverseV V V= + . 

This yields a larger depletion region and a larger electric field at the interface. Due to the 

increased band bending and hence increased barrier, electron flow from semiconductor to 

metal is almost negligible. The small current is expressed as 

0 exp( ) exp( )s m sm s
eV eVJ J J
kT kT→ = − = −                   (4.4) 

m s sJ J→ =                                         (4.5) 

Since s m m sJ J→ →> , the net current flows from semiconductor, and is expressed with, 

      exp( ) (1 )
eV
kT

m s s m s s s s
eVJ J J J J J e J
kT

−

→ →= − = − − = − ≅           (4.6) 

The current across a metal-semiconductor junction is mainly due to majority 

carriers. Current flow and rectification in a metal-semiconductor contact are reasonably 

described by thermionic emission theory [15]. Under forward bias, the current results 

from thermionic emission of electrons over the potential barrier. There are three modes of 

current transport: thermionic emission, thermionic-field emission, and field emission. 

These processes are shown in Fig. 4.5.  
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Thermionic-field emission and field emission involve quantum mechanical 

tunneling through the barrier at energies below the top of the barrier and are more 

favored in heavily doped semiconductors and large bias voltages.  

 

4.4 Electrical Characterization 

In this section we report I-V characterization for two ZnO MSM photodetectors and 

compare the devices with and without annealing in an oxygen environment, as well as 

I-V characterization under UV illumination for the devices. We will show how the 

surface states influence the contacts between metal and semiconductor. 

 

4.4.1 Comparison of I-V Characteristics of MSM Photodetector with 

and without Annealing Process 

Ec 

EF 

Ev 

Thermionic emission 

Thermionic field emission 

Field emission 

Fig. 4.5 Possible conduction processes in a forward-biased Schottky contact. 
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Fig. 4.6 I-V characteristics of MSM ZnO photodetectors with and without 

annealing under dark conditions. 

 

Fig. 4.6 shows I-V characteristics of the ZnO MSM photodetectors under dark 

conditions with and without annealing. The dark current is very small at zero bias (less 

than 10 pA - a typical value for Schottky contacts). The slope of the I-V curve is small at 

lower bias, and increases to a higher value at larger bias. The I-V curve is symmetric to 

positive and negative biases. This symmetry reflects the equal quality of Schottky 

contacts in metal-semiconductor and semiconductor-metal interfaces during the 

fabrication process of the device. However, the quality of Schottky contacts is limited by 

the surface imperfection of the semiconductor film. For n-type ZnO, the possible 

mechanism of the surface imperfection is oxygen vacancies. Post-processing of the 
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device can reduce the surface oxygen vacancies, therefore improving the contact and 

decreasing the contact resistance. As indicated in Fig. 4.6, annealing at high temperature 

in an oxygen environment improves the I-V characteristics. 

 

4.4.2 I-V Characteristics of MSM Photodetector under Dark and 

Illumination 

Fig. 4.7 compares I-V characteristics of the annealed MSM ZnO photodetector for 

dark and UV illuminated conditions.  
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Fig. 4.7 I-V characteristics for the MSM ZnO photodetector under dark 

condition and UV illumination. The up-down arrow shows the photocurrent at a 

given bias. 
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A He-Cd laser was used for the UV illumination. The wavelength of the laser was 

325 nm and the optical power was 8.2 mW. A rectifying phenomenon is observed in the 

I-V curve for the UV illumination case. This behavior indicates that Schottky barriers 

have formed at the metal-semiconductor contacts. With UV illumination, the I-V curve 

also exhibits anti-symmetric behavior, similar to the dark current, with a barrier for either 

polarity of biasing. The up-down arrows in Fig. 4.7 show the photocurrents; namely, the 

current differences between UV illumination and dark condition. The photocurrent is 

nearly zero at 0 V bias and increases with the bias in both positive and negative voltages. 

At 6 V applied bias, the photocurrent is 1.65 mA, which is four times the dark current at 

the same bias. Although we use both positive and negative biases in the experiments, the 

polarity contribution is not significant since the MSM behavior is anti-symmetric. 

 

4.5 Spectral Photoresponse 

Spectral photoresponsivity is an important consideration in designing semiconductor 

UV detectors. Fig. 4.8 shows measured spectral photoresponsivity of the MSM ZnO 

photodetector at biases of -2 V and -3 V under low power light illumination.  
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Fig. 4.8 Spectral photoresponsivity of the MSM ZnO photodetector under 

biases of -2V, and -3V. 

 

The device has been annealed in an oxygen environment. The wavelength of the 

monochromator scans from 250 nm to 700 nm with a resolution of 2 nm. As the incident 

monochromatic light power is calibrated with a UV enhanced silicon photodiode power 

meter, the photoresponsivity at a specific wavelength is the ratio of the DC photocurrent 

to the effective incident power, giving a unit of A/W. The size of the incident light beam, 

1×10 mm2 is larger than the size of the detector. A correction factor is used to convert the 

incident light power to the effective power by considering the area of the incident light 

spot and the area of the MSM ZnO photodiode.  

The photodetector shows a broadband response in the UV spectral range shorter than 

372 nm. The photoresponsivity decreases as the wavelength decreases above the bandgap 
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(from 372 nm to 250 nm). The decrease of photoresponsivity for shorter wavelengths is 

due to a decrease in the light’s penetration depth, resulting in an increase of surface 

recombination. This phenomenon is clear in the spectral quantum yield, shown in Fig. 

4.9. Below the bandgap, a sharp cutoff with a drop of 4 orders of magnitude occurs 

between 372 nm and 400 nm. With an incident wavelength of 372 nm and at -2V and -3V 

applied biases, it is found that the maximum photoresponsivities for the detector are 1.9 

A/W and 3.0 A/W, respectively.  
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Fig. 4.9 Quantum yield of the MSM ZnO photodetector under biases of -2V and 

-3V. 

 

The quantum yields of the MSM ZnO photodetector at biases of -2 V, and -3 V are 

shown in Fig. 4.9. The definition of quantum yield is the product of quantum efficiency 

and optical gain [16-18]. 
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cregη η=                                           (4.7)                                                         

where ηcre is the quantum efficiency and g is the optical gain. The quantum yield at 372 

nm is 635 % under bias of -2 V, and increases to 1003 % with bias of -3 V. The high 

quantum yield is due to the optical gain inside the high quality semiconductor thin film. 

Above the bandgap (372 nm - 250 nm), the quantum yield decreases slowly as the 

wavelength decreases, and is about 319 % at 250 nm. This decrease can be explained by 

the increase of the absorption coefficient with the photon energy according to 

( )2
1

gEhv −∝α                                      (4.8)                                                                              

where α is the absorption coefficient of the semiconductor, ν is the photon frequency and 

the Eg is the bandgap energy.  In addition, there is high energy absorption due to the low 

density of states when the energy of incident light photon is above the bandgap [19]. In 

this case, the excited electrons cannot be accommodated, and hence the photoresponsivity 

drops, which causes a quantum efficiency decrease at shorter wavelengths.   

 

4.6 Power Dependent Photoresponse 

To study the power dependence of photoresponse, a series of experiments were 

performed using laser beams with and without applied biases. The first experiment 

measures the photocurrent when the energy of incident photon is above the bandgap of 

ZnO, as shown in Fig. 4.10. The wavelength of the incident laser is 325 nm. The power 

of the laser is adjusted by a combination of ND filters. With zero bias, the photoresponse 
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shows random noise with the input light power. At bias of -2 V the photoresponse scales 

sublinearly with the input power, I ∝ P0.5, where P is the laser power. The exponent 0.5 is 

obtained from the curve fit.  
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Fig. 4.10 Photocurrent vs. optical power for the excitation photon energy above 

the bandgap (laser wavelength of 325 nm). The line is the fitted curve at a bias 

of -2 V. 

 

In order to investigate the power dependence of photoresponse wavelengths below 

the bandgap of ZnO, a laser light with the wavelength of 442 nm from the He-Cd laser 

was used as the incident light source (The He-Cd laser has a function to switch the 

wavelength from 325 nm to 442 nm). At zero bias, there is no photocurrent under 442 nm 

laser illumination, as shown in Fig. 4.11. 
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Fig. 4.11 Photocurrent vs. optical power for the excitation photon energy below 

the bandgap. 

 

This result is the same as that learned from the previous experiment when the 

incident light wavelength was 325 nm. At -2 V and -4 V biases, the photocurrents 

increase with the incident laser power, and show a sublinear relationship with power. The 

coefficient of the power dependence of the photocurrent is 0.5 according to the curve fit. 

Since the coefficient is the same for -2 V and -4 V biases, the power dependence is 

independent of bias. Similar results have also been observed by other groups [20].   

From Fig. 4.10 and Fig. 4.11 we find that the sublinear behavior is independent of 

the excitation light wavelength. This result reflects the presence of space charge regions 

around the defects [18]. When the laser light illuminates the device, the change in the 

space charge regions caused by the light modifies the conduction area. Then, the change 
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in conductance leads to a change in photoresponse. Compared to the generation of 

electron-pairs, the mechanism for the change in conductance is dominant at higher 

incident powers of the laser since the same sublinear coefficient has been observed when 

the incident photon energy is smaller than the bandgap energy. A further consideration is 

that these defects are inside the device, not at the surface, because the device is 

transparent to photons below the bandgap. 

 

4.7 Temporal Photoresponse 

The temporal photoresponse was studied using two methods: (1) A nanosecond 

short pulse laser was used as the light source for fast photoresponse. The pulse response 

was monitored using a oscilloscope connected to the photodetector circuit. (2) A lock-in 

technique was used for slow photoresponse. The response frequency can be scanned 

using the frequency of the chopper controller. Since the modulation of the conductive 

section is a slow process, an improvement of the MSM’s spectral photoresponse can be 

achieved by using the lock-in technique. Fig. 4.12 shows the dependence of photocurrent 

on the incident laser power for different chopping frequencies. In this experiment, the 

incident laser wavelength is 325 nm. As the chopper frequency increases, the creation of 

electron-hole pairs will be dominant in the mechanism of photoresponse [21].  
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Fig. 4.12 Photocurrent vs. optical power by using the lock-in detection with 

different chopping frequencies. Dotted lines are for guidance. 

 

The fast time response of the device was measured with the fourth harmonic 

generation of the pulsed Nd: YAG laser. The resulting 266 nm laser was focused onto the 

device using UV enhanced mirrors and lenses. The detectors are biased using a DC 

voltage source. A 400 MHz digital oscilloscope is used to observe the photoresponse 

from the devices. Two MSM ZnO photodetectors are used in the time response 

experiments: one is the device annealed in an oxygen environment, the other is the device 

without the annealing process. Fig. 4.13 shows the measured time response for the 

detectors under a bias of 15 V. The time constant of the device with annealing is 14 µs 

and the time constant for the device without annealing is 39 µs. The annealed device has 
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a fast response time due to contact improvement and removal of surface defects created 

in the fabrication process.  
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Fig. 4.13 Pulse response measurements for the MSM ZnO photodetectors with 

and without annealing under a bias of 15 V. 

0.0 5.0x10-5 1.0x10-4 1.5x10-4
-0.2

0.0

0.2

0.4

0.6

0.8

1.0
 

 

R
es

po
ns

e 
(a

.u
.)

Time (s)

  10 V
  15 V
  20 V

 

Fig. 4.14 Temporal photoresponse with biases of 10 V, 15 V, and 20 V. 
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Fig. 4.14 shows the bias-dependent pulse responses of the detector with the 

annealing process. The device displays a fast pulse response with a very short rise time 

and a relatively long relaxation time. The response time decreases as the bias increases. 

The exponential decay tail indicates an RC time constant limited response, with time 

constants of 19 µs, 14 µs, and 10 µs for biases of 10 V, 15 V, and 20 V, respectively.  

 

4.8 Discussion and Conclusions 

We will discuss two aspects of the MSM ZnO photodetectors in this section. One is 

the optical gain observed in the spectral quantum yield. The experimental results show a 

high UV quantum yield that is related to the optical gain of the semiconductor film, as 

observed in the DC photocurrent at low optical powers. However, we also observed the 

sublinear power dependence when using laser illumination. This difference is due to the 

change of the light induced space charge region under high optical power. For low 

incident light power from an arc lamp, Fig. 4.9 shows the spectral photoresponsivity 

under two biases. In the UV region, the photoresponsivity shows a clear difference, but in 

the visible range, both photoresponsivities fall into the noise level. This means that 

photocreation is the dominant mechanism in the photocurrent at this power level. For 

high incident powers, when the incident light wavelength is below the bandgap, the 

power dependence of the photoresponse can only be observed at an optical power level 
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higher than 10 µW, as shown in Fig. 4.11. Above this power level, the mechanism from 

the light induced space charge region is dominant in the photocurrent.  

Secondly, we want to discuss whether the mechanism of photoconductance is due to 

the surface defects or bulk defects. For the unannealed device, the surface defects are 

important not only from the I-V characteristics where the resistance is high, but also from 

the power dependence of photocurrent that shows different coefficients at two incident 

laser wavelengths above and below the bandgap of ZnO. After the annealing process and 

formation of better contacts for the MSM ZnO detector, we only observed the same 

power dependence for both two wavelengths (325 nm and 442 nm), which means that the 

same mechanism applies to the photoresponse below and above the bandgap of ZnO. A 

reasonable explanation is that the surface oxygen vacancies are filled in the annealing 

process, and then the bulk defects play an important role in the photoconductance. 

Therefore, the change of space charge region around the defects is responsible for the 

photocurrent mechanism at high incident laser powers.    

In conclusion, we have designed MSM ZnO photodetectors based on back-to-back 

Schottky contacts. The high quality semiconductor ZnO films were synthesized using the 

HBD method. An annealing process in an oxygen environment was used for the 

improvement of Ti/Au contacts on semiconductor film. The photodetector shows a wide 

spectral response in the UV with the wavelengths shorter than 372 nm. The maximum 

photoresponsivity of the photodetector is 3 A/W at 372 nm under 3 V bias, and the 
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visible rejection ratio is five orders of magnitude. Furthermore, the photoresponse scales 

sublinearly with optical power for wavelengths both above and below the bandgap after 

post-processing. It is found that post-processing improves the response time of the 

detector, and the time constant is 14 µs under bias of 15 V, which is faster than the 39 µs 

observed without post-processing. In addition, the detector demonstrates a faster response 

with a higher bias.  
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Chapter 5 

Characterization and Mechanism Studies of ZnO-based  

p-i-n UV Photodetector 

 
5.1 Introduction: 

In the development of semiconductor UV photodetectors, p-i-n photodetectors have 

advantages of high breakdown voltage, high current gain, low noise and fast response 

times. The p-i-n photodetector is a junction diode wherein an undoped i-region is inserted 

between the p and n regions. Due to the very low free carrier density in the i-region and 

its high resistivity, an applied bias drops almost entirely in the i-layer, which is fully 

depleted at a very low value of reverse bias. The existence of an i-layer between p- and n- 

layers contributes to an improved response time when used with reversed bias. Most p-i-n 

UV photodetectors are based on III-V GaN semiconductors [1-3]. Compared with other 

materials, ZnO is a direct wide band-gap II-VI semiconductor that exhibits excellent 

photosensitive properties at UV wavelengths [4-6], with a large exciton binding energy 

(~60 meV), high electric field breakdown, and high saturation velocity. ZnO based 

photodetectors are stable at high-temperatures and high voltages, and have potential 

applications in chemical sensing, flame detection, ozone-hole sensing, secure short-range 

communication, missile plume sensing, and more.  

Historically, fabrication of p-type ZnO was a major challenge because ZnO is 

normally an intrinsic n-type semiconductor due to the presence of oxygen vacancies and 
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zinc interstitials. In recent years, successful growth of p-type ZnO films has been 

reported and ZnO p-n junction has been used for optoelectronic applications such as UV 

laser diode.  In this chapter, we present characterization and mechanism studies on 

newly developed ZnO p-i-n photodiodes. 

 

5.2 Structure of p-i-n Photodiode 

Based on recent work on growth of high quality p-type ZnO by MOXtronics using 

As doping, several ZnO-based devices have been fabricated [7, 8]. The p-i-n photodiode 

is a heterojunction diode where the p-layer has a greater bandgap than the i-layer. The 

benefits of heterojunction diodes over homojunction diodes are their high breakdown 

voltage and low reverse leakage current. 

Fig. 5.1 shows a schematic cross-section of a ZnO p-i-n photodiode detector with 

four epilayers: two p-layers, one i layer and one n-layer. It is a top-illuminated device, 

illustrated by the arrow in the figure. The p-BeZnO layer and p-ZnO layer are formed 

with As as the acceptor dopant, while the n-type ZnO and BeZnO layers were formed 

with Ga as the dopant. For this ZnO-based UV detector, the hole concentration in the 

p-layers is 8 35 10 cm−× , whereas the electron concentration in the n-type ZnO layer 

is 8 31 10 cm−× , as determined by Hall-effect measurements. All ZnO and BeZnO layers in 

the devices were deposited by the hybrid beam deposition (HBD) growth method. The 

layer thicknesses are 100 nm, 100 nm, 10 nm and 500 nm, from top to bottom. 
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The top view of the device was taken by a CCD camera and a microscope, seen in 

Fig. 5.2. As a UV bandgap device the materials are transparent in visible. 

 

  

Fig 5.2 Top view of ZnO p-i-n UV photodetector. 

 

  
P-BeZnO: As 

P-ZnO: As 

 i-ZnO 

 n-ZnO: Ga 

Anode 

Cathode 

Fig. 5. 1 Epilayer structure of the ZnO p-i-n UV photodetector. 
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5.3 Electrical Characterization 

We will present and discuss electrical characterizations for the ZnO p-i-n UV 

detector in three aspects: I-V curves for dark current, photoconductivity under various 

biases, and ideality factor. The results not only give a validation of p-i-n structure and 

UV detection, but also provide an understanding of mechanisms in the photodetector. 

 

5.3.1 I-V Characteristics of the p-i-n Photodiode 

The dark current characteristics, I-V, and I-V under 700 µW UV irradiation (254 

nm), were measured using an HP 4145 semiconductor parameter analyzer. The 

instrument provides fully automatic, high-speed direct current (DC) characterization of 

semiconductor devices. It has high resolution, wide range sourcing and measurements, 

current ranging from 1pA to 100 mA, and that of the voltage is from 1 mV to 100 V.  

 

-6 -4 -2 0 2 4 6

0.0

5.0x10-4

1.0x10-3

1.5x10-3

2.0x10-3

2.5x10-3

Reverse bias Forward bias

C
ur

re
nt

 (A
)

 
 

Bias (V)

  
Fig. 5.3 I-V characteristics of ZnO p-i-n UV detector under the dark condition [9]. 
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Fig. 5.3 shows the measured I-V data of dark current on the device, which is a 

typical I-V characteristic of p-i-n diodes. The current is small when bias is reversed, and 

it increases sharply with forward bias greater than 2 V, which can be explained by the 

Shockley equation for the diode [10], 

[exp( ) 1]d
d s

T

VI I
nV

= −                                (5.1) 

where dI  is the diode current, sI is the reverse bias saturation current, dV  is the 

voltage across the diode, TV  is the thermal voltage, and n is the ideality factor. The 

thermal voltage is defined by 

T
kTV
q

=                                         (5.2)  

where k is the Boltzmann’s constant, T is the temperature of the p-i-n junction in Kelvin, 

and q is the magnitude of the elementary charge. TV  is a constant for a given 

temperature, for example, TV =25.86 mV at room temperature. 

For large forward bias voltages, the exponential term is much larger than 1, so the 

formula is simplified to 

exp( )d
d s

T

VI I
nV

=                                    (5.3) 

The forward current Id increases exponentially with applied bias Vd, which is opposite to 

the built-in electric field. Since the forward bias decreases the barrier height, it stimulates 

the diffusion of majority carriers toward each other, thus it produces more current, as 
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shown in the Fig. 5.3.  

When the bias is reverse, the exponential term in equation 5.1 is very small, 

exp( ) 1d

T

V
nV

≈  , so d sI I= − , which is not affected by the amount of reverse bias. This 

reverse saturation current is produced by the thermal activity of the diode materials.  

For reverse bias values smaller than 2 V, the measured dark current is below 150 

nA corresponding to a dark current density smaller than 5×10-4 A/cm2 (the device area is 

0.35 mm2). On the other hand, the measured forward turn-on voltage is small (1.5 V) [10]. 

These results display a good rectifying p-i-n junction behavior with a small dark current 

for the ZnO p-i-n device, which indicates a high quality growth and fabrication processes 

as well as demonstrates the advantage of a heterojunction diode in comparison to a 

homojunction diode. 

 

Fig. 5.4 Current-Voltage characteristics for an illuminated and non-illuminated ZnO 

p-i-n UV detector. 
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To observe UV response, a filtered UV light (254 nm) was used to illuminate the 

device from the top. The light power density is 700 2/W cmµ  at a distance of 8 cm, and 

the covered area is larger than 20 times the device area. Fig 5.4 shows the dark current 

and ultraviolet (UV) photoresponse under reverse bias.  

The photocurrent generated across the p-i-n device is denoted as Ip, which occurs 

when the device absorbs incident light. This current is opposite to the dark current, thus 

the current across the circuit is 

[exp( ) 1]d
d s p

T

VI I I
nV

= − −                             (5.4) 

When Vd is negative and the device works in a normal operation, the current can be 

expressed approximately by d s pI I I= − − . 

In reverse bias, the dark current has a low value at 0 V. We can find the induced 

photocurrent, which is the difference between two current curves at a particular bias. The 

strong UV photoresponse is relatively flat during reverse bias from 0 V to 1.5 V, and the 

magnitude is around 72.2 10 A−× . When illuminated by UV light, the slight increase in 

photocurrent with reverse bias is mainly due to the widening of the depletion depth [11]. 

 

5.3.2 Photoconductivity of p-i-n Photodiode 

Photoconductivity is the change in the electrical conductivity of a substance as a 

result of absorbing electromagnetic radiation [12]. A p-i-n junction has a high resistivity 

because the undoped i-region, which has a very low density of free carriers, is inserted 
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between the p- and n- layers. Conductivity is dependent on the carrier density and carrier 

mobility. For an n-type semiconductor, the conductivity is n nneσ µ= , where nµ is the 

electron mobility and n is the electron density. For a p-type semiconductor, the 

conductivity is p ppeσ µ= , where pµ  is the hole mobility and p is the hole density. For 

an intrinsic semiconductor, the conductivity is expressed as 

( )
n p n pi i i i i in eσ σ σ µ µ= + = +                          (5.5) 

The total conductivity for a p-i-n diode is given by 

( )
n pp i n p i i i npe n e neσ σ σ σ µ µ µ µ= + + = + + +            (5.6) 

Because resistance of the semiconductor depends on voltage and current, 

differential resistance (also named incremental resistance or slope resistance) is defined 

as the slope of the V-I graph at a particular bias.  

dVdR
dI

=                                          (5.7) 

By differentiating V and I, taken by HP semiconductor parameter analysis, the 

resistances under dark condition and under illumination were calculated and compared in 

Fig. 5.5. There are four results that can be concluded from the figure:  

(1) It can be seen that the resistance is not symmetric with respect to bias, and this 

is due to the existence of a built-in electric field from the n layer to p layer. The 

nonsymmetrical properties from the I-V curve prove that it is in the diode.  
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Fig. 5.5 Differential resistance vs. bias under dark and illuminated conditions. 

 

(2) The resistance is decreased by UV light illumination above the bandgap. As 

electrons in the valence band absorb photons, exciting them to the conduction band, more 

carriers are generated in the diode. The resistance is inversely proportional to the DC bias 

across the diode since the carrier mobility increases with bias. Thus, conductivity 

increases with applied bias and light illumination. A p-i-n diode, suitably biased, 

therefore acts as a variable resistor. The resistance varies over a wide range. Under dark 

conditions, the resistance decreases from 99.46 10×  Ohms (Shunt resistance) to 

41.8 10×  Ohms when bias changes from 0 V to -6 V, and the resistance decreases from 

99.46 10×  Ohms to 880 Ohms when applied voltage increases from 0 V to 6 V. At -4 V, 

the resistance decreases from 47.4 10× Ohms to 44.6 10× Ohms when UV light strikes the 

detector, which is due to photoconductivity. Photoconductivity is an optical and electrical 
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property in which a semiconductor becomes more conductive due to the absorption of 

electromagnetic radiation, such as light (photon energy > bandgap of semiconductor). 

When light is absorbed by the semiconductor, the number of carriers increases, raising 

the electrical conductivity. Under illumination, the resistance decreases from 87.0 10×  

Ohms to 41.1 10× Ohms when bias changes from 0 V to -6 V, and the resistance decreases 

from 87.0 10×  Ohms to 880 Ohms when applied voltage increases from 0 V to 6 V.  

(3) The resistance values are very close to each other between dark and illuminated 

conditions when applied voltage is greater than 1.4 V. 

(4) The resistance fluctuates significantly when it is large, regardless of whether 

under UV illumination or in the dark (applied biases between -1 V to 1 V). When the 

external field is weak, carriers move irregularly, colliding with each other and the lattice, 

creating a large resistance. The range of irregularities is not the same with and without 

light illumination. The voltage range of irregularity under dark conditions is from -0.7 V 

to 0.6 V, but with illumination is from -0.8 V to 1.16 V. Light absorption under bias 

increases irregular movement/collisions for carriers under small bias. It is concluded that 

when the absorbed light strikes the diode and unbalanced carriers generate inside the 

semiconductor, which causes an increase in carrier concentration, the conductivity of the 

diode increases. Furthermore, bias increases the mobility of carriers, thus it also increases 

the conductivity of the diode. 
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5.3.3 Ideality Factor  

The forward biased I-V characteristics of p-i-n diodes are affected by high injection 

as well as the series resistance of the diode. I-V characteristics are plotted on a 

semi-logarithmic scale, and four different regions can be distinguished, as indicated in 

Fig. 5.6. First, there is the ideal diode region where the current increases by one order of 

magnitude as the voltage increases by 0.4 V.  In general, this number is between 1 and 2, 

and is an indication of how close the device is to an “ideal” diode [13].  

 

We can estimate it using the Shockley equation. The ideality factor n  is obtained 

from the slope of the curve in Fig. 5.6 by using equation 

Fig. 5.6 Log (I)-V plot of forward current where the low-level injection 

regime was fit to obtain an ideality factor n = 6.0. 
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1
log( )

59.6 /T

e slopen
V slope mV decade

= =
×

                    (5.8) 

The slope is 2.8 decade/V and the intercept for the fit line is 1010− A, which is the 

estimated value for the reverse saturation current Js for the diode. Thus, n = 6. The value 

depends, to a great extent, on the p-contact quality [14]. Due to recombination and 

generation processes in the depletion region, n is generally larger than 1. A possible 

explanation may be the combined effects of large series resistance introduced due to the 

non-Ohmic nature of the p-type contact. Only electrons are able to drift across the 

depletion layer without falling into bandgap states. The forward current becomes space 

charge limited making the depletion layer on the n-side wider, hence, causing strong 

current saturation [15]. 

To the left of the ideal diode region, there is a region where the current is 

dominated by trap-assisted recombination in the depletion region, as described in Fig. 5.6. 

The curve has an ideality factor of 10. To the right of the ideal diode region, with large 

forward biases, the current becomes limited by injection effects and by the series 

resistance. We can see that the current increases with applied voltage. The series 

resistance is approximately 928 Ohms. 

 

5.4 Spectral Photoresponsivity 

Spectral photoresponsivity measurements of the ZnO p-i-n photodetector were 

done using the similar method described in Chapter 2. Briefly, a picoammeter (Keithley 
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6485) was used to measure the photocurrent at 0 V, and a SR810 lock-in amplifier with 

a chopper was employed to measure the photocurrent generated at 0 V, -2 V, and -4V. 

The lock-in amplifier provides alternate current (AC) measurement. Any slow processes 

and 1/f noise will be rejected when the chopper frequency is high enough. The 

picoammeter measures the direct current (DC) of the photodiode. The photocurrent 

measurement setup has also been reported in references [16, 17].  The 0 V spectral 

photoresponsivity measured by the lock-in and the picoammeter is displayed in Fig. 5.7. 
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Fig. 5.7 Spectral photoresponsivity of the p-i-n photodiode measured with the 

lock-in technique and picoammeter at 0 V. 

 

The peak of spectrum responsivity is at 360 nm, and is attributed to direct bandgap 

absorption in the BeZnO p-layer when there is no applied bias. A second band around 370 

nm to 400 nm is observed when a picoammeter is used, which was not obvious in the 
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lock-in measurement. This band is attributed to the second p-layer absorption. An 

explanation is that the photocurrent in the second p-layer has a longer response time so 

that the lock-in can not pick it up. The UV/VIS ratio rejection measured by the lock-in is 

greater than by the picoammeter since the lock-in technique reduces noise in the 

measurement [18-20]. 

Fig 5.8 shows the measured spectral responsivity using the lock-in technique at the 

applied biases of 0 V, -2 V, and -4V, on a semi-log scale. There are two peaks appeared at 

different biases in the spectral photoresponsitivity curve. For the p-i-n structure, the 

active absorption regions are primary in the upper p-layer and the unintentionally doped, 

intrinsic layer. The first peak is at 360 nm, and is attributed to direct bandgap absorption 

in the BeZnO p-layer ( 1x xBe Zn O− , x = 0.05). M. S Han et al. reported that the bandgap 

energy of 1x xBe Zn O−  can be tailored to anywhere between 3.30 eV (x = 0) to 4.13 eV (x 

= 0.28) by alloying ZnO with BeO, and there is no observation of phase separation 

in 1x xBe Zn O− samples [21]. Y. R. Ryu et al. demonstrated the energy band gap of 

1x xBe Zn O− can be varied over the range, 3.30 eV (x = 0, ZnO) to 10.6 eV (x = 1, BeO) 

[21], which is useful to extend the photoresponse to band-edge below 300 nm. 
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Fig. 5.8 Measured spectral responsivity of the ZnO p-i-n photodiode at biases of 0 

V, -2 V, and -4V. 

 

The photoresponse exhibits a strong absorption at zero bias with a responsivity of 

0.017 A/W at 360 nm. Another peak (at 372 nm) emerges when the external voltage is 

applied, for instance, at -2 V, and at -4 V, which corresponds to the bandgap absorption of 

intrinsic ZnO. Though the spectral responses of both peaks increase with reverse bias 

voltage in the UV region, the rates of increase are different. In addition, for both peaks 

the rate of increase at -4 V is greater than at -2 V, as they correspond to different 

photocurrent mechanisms.   

The 372 nm peak can be explained as avalanche effect in the i-layer. Generated 

electrons with sufficient kinetic energy strike the ZnO atoms, breaking covalent bonds 

and liberating electrons from the bond. Kinetic energy is gained from the applied electric 
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field; therefore, a greater reverse bias produces more electrons in the i-layer, so the 

detected photocurrent is larger. The photoresponsivity drops sharply for wavelengths 

greater than 374 nm. The rate of rejection between UV and visible light increases with 

bias, and 3 orders of magnitude difference is observed at zero-bias. It increases to 4 

orders at -4 V.  

The responsivity decreases when the photon energy exceeds the bandgap can be 

explained as the absorption of incident photons as a function of wavelength. For the short 

wavelength incident light ( gh Eν < ), the absorption coefficient (α ) is given by [22]: 











 −
−∝

eE
hEm gr

h3
)()2(4

exp
2/32/1 υ

α                     (5.9) 

where rm is the reduced mass of the electron-hole pair, hν is the photon energy, ħ is the 

Plank constant divided by 2π, e is the elementary charge, and E is the electric field. For 

photon energies above the bandgap, the spectral responsivity of the ZnO p-i-n photodiode 

is determined by the recombination of photocarriers in the illuminated layer so long as 

the bias is not too high; for example, the curves obtained when the bias < 2 V. The 

electrons and holes generated within a diffusion length from the junction reach the 

space-charge region and then are separated by the electric field. If the minority carrier 

diffusion length is less than the detector length from the junction to the electrode, the 

carriers do not contribute to the photocurrent 

As shown in Fig. 5.7, the p-i-n ZnO detector demonstrates a sharp long-wavelength 

cut-off, and the transition photon energy is directly related to the bandgap of the ZnO 



 106

materials. There is an exponential decay in the long wavelength fall-off that is usually 

referred to as an Urbach tail. If there is photoresponse below the bandgap, it could be 

associated with defect states in the band-gap and variations in the local material 

composition [23, 24].  

 

5.5 Photocurrent versus Optical Intensity 

In order to investigate photocurrent mechanisms, a series of experiments were 

performed on measuring photocurrents with respect to optical intensity under bias, as 

shown in Fig. 5.9.  
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Fig. 5.9 Photocurrent vs. optical power intensity at various voltages under 325 nm 

laser light. 

 

When the photon energy of incident light is above the bandgap of the p-i-n diode, 
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and the reverse bias is below 2 V, the photoresponse of the detector is linear over 5 orders 

of the incident radiation power. This result can be described for a p-i-n photodetector 

operated under normal conditions where the photocurrent density is proportional to 

incident photon flux [25]. The photocurrent can be expressed as 

incident responsivity incident
qI JA P R P

h
η
ν

= = =  , where η is the quantum efficiency. From the 

formula, the current density J is independent of the applied reverse bias, which could be 

used to explain that the photocurrent curves overlap in normal operation conditions 

(<2V). 

The electric field dependence can be explained as follows. The drift current density 

is given by 

drift carriersJ ρν=                                     (5.10) 

where ρ  is the charge density and carriersν  is the average drift velocity of the carriers. 

When the electric field in the intrinsic layer is small, carriersν  is directly proportional to 

the electrical field. We may then write: carriers Eν µ= . For a wide bandgap p-i-n device 

with a limited intrinsic width, the built-in electric field is high, approximately 106 V/cm. 

Under this built-in electric field, the drift velocity is saturated. Thus, under normal 

operation for our p-i-n device, reverse bias doesn’t affect the magnitude of photocurrent.  

 

5.6 Photocurrent versus Bias 

Fig. 5.10 shows photocurrent vs. reverse bias under 325 nm illumination with three 

different optical intensities. As discussed before, the diffusion current is dominant when 
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325 nm light is used at lower biases. 
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Fig. 5.10 Photocurrent vs. reverse bias with three optical intensities at 325 nm. 

 

When the optical intensity is 0.28 mW/cm2, photocurrent decreases slowly as 

reverse biased voltage increases up to 0.8 V, and it increases for voltages greater than 1 V. 

The transition around 1 V is due to the competition between diffusion process for 

minority carriers and the avalanche process in the intrinsic layer. When the diffusion 

process dominates, photocurrent does not change with voltage, as the velocity of the 

carriers is saturated. As the voltage increases, the impact of ionization emerges and it 

increases the recombination rate for minorities in the layers, decreasing photocurrent. 

With continued increase in applied voltage, the avalanche process contributes to the 

photocurrent, and it increases with voltage. 

When the reverse bias is greater than 2.0 V, the p-i-n photodetector becomes an 
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avalanche photodiode (APD). The multiplied photocurrent generated is calculated as 

follows [25] 

incident responsivity incident
qI M P M R P

h
η
ν

= × = ×                 (5.11) 

where M is the internal gain. The gain of an APD depends on the applied reverse bias 

voltages, and it also increases with bias voltage. When reverse bias increases from 2.0 V 

to 2.5 V at an optical intensity of 0.28 mW/cm2, the photocurrent increases dramatically 

from 0.21 nA to 1.08 nA, a 5 times increase. When reverse bias increases to 3.0 V, the 

photocurrent is 11.9 nA, which is 57 times the photocurrent at 2.0 V. 

 

5.7 Detectivity of the p-i-n Photodiode 

A photodiode generates a photocurrent proportional to the incident photon flux φ  

( photonI eη φ= ). Actually, the device generates a random electric current I whose value 

fluctuates above and below its average, photonI I eη φ= = . These random fluctuations are 

regarded as noise. 

There are three main sources of noise in a photodiode:  

(a) Thermal (Johnson) noise: This noise mainly occurs due to random motion of 

electrons through a conductor. When the carriers collide with the lattice, they contribute a 

minute current. The sum of all these currents must be equal to zero, but their AC 

component gives the Johnson noise. The mean square noise voltage is directly 

proportional to the value of the resistance. 

(b) Shot noise is due to the random arrival rate of photons and creates a carrier 
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number fluctuation crossing potential barriers.  

(c) Flicker (1/f) noise: This noise occurs at low frequencies and varies inversely 

with the frequency. This noise is related to the presence of traps in contacts, at the surface 

or within the semiconductor, as well as to leakage currents and defects. 1/f noise is 

attributed to fluctuations in the mobility and density of charged carriers.  

The corresponding noise currents are denoted by Ji , si , and 1
f

i , respectively. 

They are expressed as [26] 

 2 4J
d

BWi kT
R

= ; 2 2s di qI BW= ; and 2
1 d

f

BWi kI
f

=                 (5.12) 

where R
d 

is the differential resistance of the photodiode, I
d 

is the dark current, f is the 

frequency, and k is a coefficient that depends on the material and on the geometrical 

parameters of the diode. From these expressions, there exists a trade-off between 

bandwidth and noise performance. In general, at high frequencies shot noise is dominant, 

whereas at low frequencies 1/f noise can be higher. Thermal noise may become 

significant under high operating temperatures and for leaky photodiodes with low diode 

resistance.  

The noise equivalent power (NEP) is the optical power required to generate a 

photocurrent equal to the noise level. For a photodiode with a responsivity R, the NEP is 

given by  

noiseINEP
R

=                                      (5.12) 

where noiseI
 
is the root mean square value of the total noise currents:  
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2 2 2 2
1noise noise J s

f
I i i i i= = + +                  (5.13) 

The normalized (specific) detectivity, D
*
, is the most important parameter to 

characterize the noise performance of photodetectors and is obtained from the relation: 

*

2

D D

noise

A BW R A BW
D

NEP i
λ= =                         (5.14) 

where Rλ is the responsivity, DA
 
is the cross-sectional area of the photodiode, and BW is 

the detector bandwidth. The units of D
* are 1/ 2 1cmHz W − . The value of D

* 
increases as the 

responsivity increases, and as the dark current decreases.  

Based on the fact that the background radiation is very small with respect to the 

thermal noise within the solar-blind spectrum, we can safely assume that the detectivity 

of solar-blind detectors is thermally limited. Therefore, neglecting the background 

radiation component, the thermally limited specific detectivity can be calculated by [26, 

27]: 

* 1/ 20( )
4
R AD R
kTλ=                                   (5.15) 

where k is the Boltzmann’s constant, T is the device temperature, Rλ is the photovoltaic 

(zero bias) device responsivity, 0R  is the dark impedance at zero bias, which is also 

known as differential resistance, and A is the detector area. 

For the p-i-n device, we use the device area A = 0.35 mm2 and room temperature T 

= 300 K. At 0 V. Two parameters can be obtained from the previous experimental results: 

9
0 9.46 10R = × Ω   and responsivity at 362 nm equals 17 mA/W. The detectivity is 

calculated according to equation 5.15 and result is * 12 1/ 2 11.3 10 .D cm Hz W −= × . 
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5.8 Low Frequency Photoresponse of the ZnO p-i-n UV Photodiode 

The dependence of photocurrent on the modulation frequency of the incident 

optical signal using the chopper was measured and analyzed to provide the low frequency 

response of the p-i-n detector. The incident wavelength was 350 nm using the 

monochromatic light from the spectrometer and the photocurrent at two biases were 

tested, 0 V and -1.5 V.   

Fig. 5.11 shows the photocurrent decay with an increase of the modulation at 0 V 

bias. There are narrow frequency dips at multiple frequencies of 60 Hz from the power 

line that were corrected in the figure.  
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Fig. 5.11 Dependence of photocurrent on the modulation frequency at 350 nm 

wavelength without bias. 
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The photocurrent decreases from 37 nA to 11.6 nA when the modulation frequency 

increases from 10 Hz to 200 Hz, and then drops to 4 nA at 600 Hz. The photocurrent 

decrease is not very steep when the frequency increases from 200 Hz to 600 Hz.    

0 100 200 300 400 500 600 700

10

15

20

25

30

35

40

 

 

P
ho

to
cu

rr
en

t (
nA

)

Modulation frequency (Hz)

 -1.5 V
 Fit data

 

Fig. 5.12 Dependence of photocurrent on the modulation frequency at 350nm with 

bias of -1.5 V. 

 

Fig. 5.12 displays the photocurrent vs. modulation frequency and the corresponding 

data fitting when the bias is -1.5V. The photocurrent decreases from 38.7 nA to 18 nA, 

and then to 10.8 nA when the chopper frequency increases from 10 Hz to to 200 Hz, and 

then to 600 Hz.  

The plots show a hyperbolic-type relationship between the photocurrent and the 

modulation frequency. The data is fit using the equation [28, 29]: 
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2 1/ 2

(0)( )
[1 (2 ) ]r

II f
fπ τ

=
+

                            (5.16) 

where ( )I f and (0)I  are the photocurrents, and f is the modulation frequency. From the 

curve fitting, a response time of 2.6 ms and 0.715 ms were obtained at 0V and -1.5 V 

respectively. 

 

5.9 Fast Temporal Response of p-i-n Photodiode 

The fast photoresponse of the ZnO p-i-n UV detector was studied by the method 

described in previous chapters. The temporal photoresponse depends on the load 

resistance due to the capacitance and resistance inside the photodiode. To find out the 

intrinsic response time for the photodiode, a series of load resistors were used in the 

electric detection circuit, as shown in Fig.5.13. Then the intrinsic response can be 

obtained by using an extrapolate data.   

 

 

 

Fig. 5.13 Electric circuit for measurement of fast temporal response of the ZnO 

p-i-n UV photodetector. 
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A fourth harmonic YAG laser (266 nm) was used as the shout pulse excitation 

source. An oscilloscope was used to record the signal across the load resistor when the 

short UV laser pulse is incident on the photodiode.  

Fig. 5.14 shows the temporal response and the decay time of the photocurrent of 

the ZnO device when a 5000 Ohm resistor was used in the circuit. The detected signal 

shows a short rise time and a long tail decay. 
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Fig. 5.14 Temporal response of p-i-n detector. Inset shows decay profile of 

photocurrent and theoretical fitting. 

 

The decay profile of the photocurrent is well fit by the nonlinear equation 

 0 1
1

exp( )tY y A
t

= + −                                (5.17) 

where Y is the photocurrent across the load resistor, A1 is a fitting constant, t is the time, 

and t1 is the time constant. The parameter t1 determines the temporal response of the 
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detector. The pulse response data indicates that the response speed of the detector is RC 

time-limited, and its long trail is due to carrier diffusion. When the load resistance is large, 

the detector has a long decay time. The parameter does not depend on the geometry of the 

device, but on the magnitude of the load resistance.  
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Fig. 5.15 Photocurrent decay as a function of load resistance. 

 

The dependence of the photocurrent decay time constant on the load resistance has 

been analyzed and the results are reproduced in Fig. 5.15. The RC time constant is 

associated with circuit parameters including: the junction capacitance C and the 

equivalent resistance of the diode resistance and load resistance. The time constant is 

given by [30]: 
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1
0 2( )

2
equivalent sAR q N

V
ε ε

τ =                             (5.18) 

( )d s L
equivalent

d s L

R R RR
R R R

+
=

+ +
                             (5.19) 

where sR , dR , and LR  are the series, diode, and load resistances, respectively. The time 

constant is proportional to the equivalent resistance, because dR  is large in comparison 

to sR  and LR . Thus, Eq. 5.18 can be approximated as 

equivalent s LR R R≈ +                                  (5.20) 

By linear fitting between the time constant and the load resistance, the intrinsic time 

constant can be extrapolated to be 1.27 μs.  

The p-i-n capacitance is equivalent to 2 junction capacitors in series. The junction 

capacitance is written [31], 

1
2

2( )( )
s a d

junction
bi R a d

e N NC A
V V N N

ε 
=  + + 

                  (5.21)  

where e is electronic charge, sε is permittivity of ZnO, aN  is density of acceptor 

impurity atoms in the p-layer, dN  is density of donor impurity atoms in the n-layer, biV  

is the built-in potential voltage, RV  is the applied reverse-bias voltage, and A is the 

cross-sectional area. With known parameters for the p-i-n device, the capacitance is 

calculated to be 156 10junctionC F−= × . Thus, the intrinsic capacitance for the device 

is 151 3 10
2 junctionC C F−= = × . The calculated intrinsic time constant is 

8 15 6(7 10 ) (3 10 ) 2.1 10 secd junctionR C ondτ − −= = × × × = × , which is close to the estimated 

intrinsic time constant. 
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To investigate how the response speed changes with an applied reverse bias, an 

experimental setup is used to record the temporal response signal intensity, as shown in 

Fig. 5.16. The difference of this setup to the setup shown in Fig. 5.13 is that an electric 

field is applied to the device. 

 

 

Fig. 5.16 Measuremental circuit for the temporal response of the ZnO p-i-n UV 

diode under bias. 
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Fig. 5.17 Temporal response at 0 V, -0.5 V, -1.0 V, -1.5 V, and -2.0 V. 
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The temporal responses at several applied voltages are shown in Fig. 5.17. From the 

figure, we observe that the decay time decreases with reverse bias initially. However, the 

decay time increases when the reverse bias is large than 2 V, which means the decay 

processes are different for applied voltages greater than 2 V compared to the processes 

for voltages smaller than 2 V. Using curve fitting, the time constants are calculated from 

the data. The result of time constant vs. bias is shown in Fig. 5.18. 
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Fig. 5.18 Time constant vs. reverse bias. 

 

For reverse biases smaller or equal to 1.5 V, the decrease in response time can be 

explained by the diffusion process. The time constant is inversely proportional to the 

square root of the voltage, as observed in Fig. 5.18. When the bias is greater than 2 V, the 

avalanche effect dominates current mechanism. The response does not fit the relationship 

with the bias voltage as well as it does under the diffusion process. The response time 
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versus bias is a more flat, slowly decreasing function. 

 

5.10 Conclusions 

In conclusion, we have explored the electrical characteristics, spectral responses, 

and temporal response of the ZnO p-i-n junction UV photodetector. The photocurrent 

responsivity has a maximum of 0.07 A/W near the band-gap of ZnO at 4.0 V reverse bias. 

The dark current is very small under reverse bias. The detector time response is limited 

by its RC constant. Photocurrent decays correspond to an exponential decay function 

with a time constant of 4.118 µs at a load resistance of 5 k Ω . The intrinsic time constant 

is estimated to be 1.27 μs. The detector pulse response is bias dependent. We confirmed 

two processes in the photoresponse. (1) Photocurrent due to diffusion of minority carrier 

created in the top p-layer. (2) Photocurrent due to avalanche effect in the i-layer. These 

results demonstrate that the ZnO p-i-n junction photodetector is very sensitive to UV 

photons and suitable for UV detection. 

Suggestions to improve the performance of the p-i-n ZnO detector: 

At shorter wavelengths, photons are absorbed very close to the surface so that 

surface problems, band-bending effects, and electric field crowding problems 

(non-uniform spatial variations) tend to be present. To minimize such effects, thinning of 

the p-type BeZnO, the use of a semitransparent metal contact (Ti/Au) on top to collect 

carriers more efficiently and to lower the series resistance have been proposed. 

 



 121

BIBLIOGRAPHY: 

[1] D. V. Kuksenkov, H. Temkin, A. Osinsky, R. Gaska, and M. A. Khan, 

“Low-frequency noise and performance of GaN p-n junction photodetectors”, J. 

Appl. Phys., 83, 2142-2146 (1998). 

[2] E. Monroy, E. Munoz, F. J. Sanchez, F. Calle, E. Calleja, B. Beaumon, P. Gibart, J. A. 

Munoz, and F. Cusso, “High-performance GaN p-n junction photodetectors for solar 

ultraviolet applications”, Semicond. Sci. Technol., 13, 1042-1046 (1998). 

[3] J. K. Sheu, M. L. Lee, L. S. Yeh, C. J. Kao, C. J. Tun,  G. C. Chi, S. J. Chang, and C. 

T. Lee, “Nitride-based ultraviolet metal-semiconductor-metal photodetectors with a 

low-temperature GaN layer”, Appl. Phys. Lett., 81, 4263-4265 (2002). 

[4] H. Fabricius, T. Skettrup, and P. Bisgaard, “Derivation of a matrix describing a rugate 

dielectric thin film”, Appl. Opt. 25, 2764 (1986). 

[5] S. Liang, H. Sheng, Y. Liu, Z. Hou, Y. Lu, and H. Shen, “ZnO Schottky ultraviolet 

photodetectors”, J. Cryst. Growth, 225, 110 (2001). 

[6] I. S. Jeong, J. H. Kim, and S. Im, “Photodetecting properties of ZnO-based thin-film 

transistors”, Appl. Phys. Lett., 83, 2946 (2003). 

[7] Y. R. Ryu, S. Zhu, D. C. Look, J. M. Wrobel, H. M. Jeong, and H. White, “Sythesis of 

p-type ZnO films”, J. Cryst. Growth, 216, 330-334 (2000). 

[8] Y. R. Ryu, T. S. Lee, J. A. Lubguban, H. White, B. J. Kim, Y. S. Park, and C. J. Youn, 

“Next generation of oxide photonic devices: ZnO-based ultraviolet light emitting 

diodes”, Appl. Phys. Lett., 88, 1108-1110 (2006). 



 122

[9] L. Li, J. Lubguban, P. Yu, and H. White, “ZnO p-n junction photodector”, 

CLEO/QELS, OSA 1-55752-834-9 (2007). 

[10] B. Zhe, “W. Shockley’s equation and its limitation”, Appl. Math. Mech., vol. 3. 

No.6, (1982). 

[11] P. P. Chow, J. J. Klaassen, J. M. VanHove, A. Wowchak, C. Polley, and D. King, 

“Group ΙΙΙ-nitride materials for ultraviolet detection applications,” SPIE 

Optoelectronics, (2000). 

[12] S. Dimitrijev, Priciples of semiconductor devices, Oxford University Press, (2006). 

[13] H. Bayhan and A. S. Kavasoglu, “Frequency dependence of junction capacitance of 

BPW34 and BPW41 p-i-n photodiodes”, Turk. J. Phys 31, 7-10, (2007). 

[14] C. J. Collins, Ph.D. dissertation, “Aluminum gallium nitride-based solar-blind 

ultraviolet photodetectors”, University of Texas at Austin, (2002). 

[15] S. Aslam, F. Yan, D. Franz, I. Ferguson, and A. Payne, “Al0.35Ga0.65N pin diodes 

exhibiting sub-fA leakage currents”, Electron. Let. Vol. 41. No. 14 (2005). 

[16] P. Yu, L. Li, J. Lubguban, Y. Ryu, T. Lee, and H. White, “Metal-semiconductor- 

metal photodiode ultraviolet detector based on high quality ZnO”, AIP Conf. Proc. 

Vol. 893, 1421-1422 (2006). 

[17] M. Arif, K. Yang, L. Li, P. Yu, S. Guha, S. Gangopadhyay, M. Förster, and U. 

Scherf, “Harvesting triplet excitons for application in polymer solar cells”, Appl. 

Phys. Lett., 94, 063307 (2009). 

[18] A. V. Gin, Ph.D. dissertation, “Electron beam lithography for the fabrication of 



 123

nanopillars in type ΙΙ InAs/GaSb superlattices for multicolor infrared focal plane 

arrays,” Northwestern University, (2005). 

[19] A. Bouhdada, M. Hanzaz, F.Vigue and J. P. Faurie, “Schottky barrier 

near-ultraviolet photodetectors based on ZnSe”, J. of Active and Passive Electronic 

Devices, Vol.1, 79-89 (2000). 

[20] L. Dobrzanski, A. Jagoda, K. Gora, and K. Przyborowska,”Properties of 

metal-semiconductor-metal and Schottky barrier GaN detectors”, Opto-electronics 

Review 10(4), 291-293, (2002).  

[21] Y. R. Ryu, T. S. Lee, J. A. Lubguban, A. B. Corman, H. White, Y. S. Park, C. J. 

Youn and W. J. Kim, “Wide-band gap oxide alloy: BeZnO”, Appl. Phys. Lett., 88, 

052103 (2006). 

[22] J. A. Majewski and M. Stadele, “Effective masses and valence-band splittings in 

GaN and AlN ”, III-V Nitrides Symposium Mater, Res. Soc., 887, (1997). 

[23] K. Noba and Y. Kayanuma, “Efficiency and polarization performance of a 

multilayer-coated laminar grating in the 6.5–6.9-nm wavelength region”, Phys. Rev. 

B, Vol. 60, pp. 4418, (1999). 

[24] F. Urbach, “Optical absorption of pure silver halides”, Phys. Rev., vol. 92, 1324, 

(1953). 

[25] P. Bhattacharya, Semiconductor optoelectronic devices, Second edition, Prentice 

Hall, New Jersey, (1994). 



 124

[26] N. Biyikh, Ph.D. dissertation, “High performance AlxGa1-xN-based UV 

photodetectors for visible/solar-blind applications”, Virginia Commonwealth 

University, (2004). 

[27] N. Biyikh, I. Kimukin, O, Aytur and E. Ozbay, “Solar-blind AlGaN-based UV p-i-n 

photodiodes with low dark current and high detectivity,” IEEE Photon. Tech. 

Lett.ERS, Vol.16, (2004). 

[28] C. H. Qiu, and J. I. Pankove, “Deep levels and persistent photoconductivity in GaN 

thin films”, Appl. Phys. Lett., 70 (15), (1997). 

[29] Z.C. Huang, J.C. Chen, and D. Wickenden, “Optical quenching of photoconductivity 

in GaN photoconductors ”, J. Cryst. Growth 170, 362 (1997). 

[30] M. Razeghi and A.Rogalski, “Semiconductor ultraviolet detectors”, J. Appl. Phys., 

79, 7433-7473 (1996). 

[31] D. A. Neamen, Semiconductor physics and devices basic principles, Third edition, 

McGraw Hill, New Jersey (2002). 



 125

Appendix II. Photocurrent Density Calculation for the p-i-n ZnO 

Photodetector 

 

The absorption coefficient in the semiconductor is dependent on the photon energy 

( hν ) and the bandgap energy ( gE ). The absorption coefficient increases very rapidly 

when gh Eν >  and is very small when gh Eν < . Thus, the semiconductor is transparent 

to photons with energy below the bandgap. 

Light absorbed in the different regions of the device produce electron-hole pairs. 

Carriers produced within the depletion region or within a diffusion length of it will be 

separated by the electric field and their motion leads to current flow in the external 

circuit.  

Photogenerated carriers move by drift and diffusion; therefore, the total current 

density through the reverse-biased depletion layer is: 

drift diffJ J J= +                                     (II.1) 

The absorption coefficient of ZnO at 372 nm is 5 12 10 cm−×  [II1]. The absorption 

coefficient around 360 nm is very close to that at 372 nm. To quantify the photocurrent 

density at UV illumination below 360 nm, the absorption coefficient is assumed to be 

5 12 10 cm−× in the UV region. Fig. II.1 shows the intensity of transmitted light when UV 

light was absorbed in the layers. 
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Fig. II.1 The absorption light intensity of the device when light is absorbed in the 

layers. 

 

A photon flux 0φ  is incident on the p-layer and is given by 0
(1 )incP R
Ah

φ
ν
−

= , where R 

is the reflectivity of the p-layer surface. We assume that one absorbed photon at energy 

hν  creates one electron-hole pair. The generation rate of electron-hole pairs is  

0
0

( )( )
x

xI x I eG x e
h h

α
ανα α

φ α
ν ν

−
−= = =                    (II .2) 

From the above equation, we see that the generation rate of electron-hole pairs 

varies with incident flux 0φ . Here G1(x), G2(x), G3(x), G4(x) are used to denote the 

generation rates. Their mathematical expressions are listed as follows: 

0
1 0

( )( )
x

xI x I eG x e
h h

α
ανα α

φ α
ν ν

−
−= = =                    (II.3) 



 127

(100)
0

2 0
( )( ) 0.1353353

x
xI x I e eG x e

h h

α α
ανα α

φ α
ν ν

− −
−= = =       (II.4) 

(200)
0

3 0
( )( ) 0.01832

x
xI x I e eG x e

h h

α α
ανα α

φ α
ν ν

− −
−= = =        (II.5) 

(210)
0

4 0
( )( ) 0.015

x
xI x I e eG x e

h h

α α
ανα α

φ α
ν ν

− −
−= = =          (II.6) 

First, look at the drift current density driftJ  in the intrinsic region. For an intrinsic 

region with width W, the drift current is expressed by, 

3 0 00 0
( ) 0.01832 0.01832 (1 )

W W x W
driftJ q G x dx q e dx q eα αφ α φ− −= − = − = −∫ ∫       (II.7) 

Second, for the diffusion component of the photocurrent, we are mainly concerned with 

the diffusion of minority electrons produced in the p-layers, and holes produced in the 

n-layer. These minorities are diffused to the intrinsic layer when they are close to it.  

The continuity equation for the electrons in the p layer, under steady state and 

including generation and recombination, is given by  

2
0

12 ( ) 0p p p
e

e

n n n
D G x

x τ

∂ −
− + =

∂
                        (II.8) 

This equation can be solved with the boundary conditions 

0p pn n=  At x = −∞  

0pn =  At 0x =  

The solution to the equation is: 

/
0 0 1 1( ) ex LW x

p p pn n n C e e C eα α−− −= − + +                   (II.9) 

where e e eL D τ= , 
2

0
1 2 2(1 )

e

e e

LC
D L

φ α
α

=
−
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The diffusion current in the p-layer is then given by 1diffJ  

1 0( )p
diff e x

n
J qD

x =

∂
= −

∂
                              (II.10) 

Thus, the diffusion current in the p layer is: 

1 0 01
We e

diff p
e e

L DJ q e qn
L L

αα
φ

α
−= − −

+
                   (II.11) 

Under normal operating conditions the second term is small, as the value of 0pn  in the 

p-layer is normally very small. Thus, this diffusion current reduces to 

 1 0 1
We

diff
e

LJ q e
L

αα
φ

α
−= −

+
                          (II.12) 

We derive the diffusion current generated by the minority holes in the n-layer using 

the same idea. The continuity equation for the holes in the n-layer, under steady state and 

including generation and recombination, is given by  

2
0

32 ( ) 0n n n
h

h

p p pD G x
x τ

∂ −
− + =

∂
                      (II.13) 

This equation can be solved with the boundary conditions 

0n np p=  at x = ∞  

0np =  at x W=  

The solution to the equation is: 

( ) /
0 0 2 2( ) hW x LW x

n n np p p C e e C eα α−− −= − + +              (II.14) 

where h h hL D τ= , 
2

0
2 2 2

0.015
(1 )

h

h h

LC
D L

φ α
α

=
−

 

The diffusion current is then given by 
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2 ( )n
diff h x W

pJ qD
x =

∂
= −

∂
                              (II.15) 

Thus, 

2 0 0(0.015 )
1

Wh h
diff n

h h

L DJ q e qp
L L

αα
φ

α
−= − −

+
             (II.16) 

The second term is small, as the value of 0pn in the p-layer is normally very small. Thus, 

this diffusion current reduces to 

2 0(0.015 )
1

Wh
diff

h

LJ q e
L

αα
φ

α
−= −

+
                     (II.17) 

The photocurrent density J is the sum of the drift current and diffusion current 

1 2drift diff diffJ J J J= + +  

0
0.015[0.01832 (1 ) )]

1 1

W W
W e h

e h

L e L eJ q e
L L

α α
α α α

φ α
α α

− −
−= − − + +

+ +
    ( II.18) 

where the parameters for our device are: W = 10 nm and α = 0.02 nm-1. The total 

generated photocurrent is expressed  

0
0.015{0.00332 0.82[ ]}

1 1
e h

e h

L LJ q
L L

φ α
α α

= − + +
+ +

          (II.19) 

For the diffusion length of minority carriers, L Dτ= , which is dependent of the 

diffusion coefficient and lifetime. The diffusion coefficient and mobility are not 

independent. According to Einstein’s relation, ( )kTD
e

µ= , and ( )q
m
τ

µ ∗= , where τ  

and m∗ are the mean free time and the effective mass of the minority carriers. For the 

p-layer of our device, the doping density is 8 35 10 cm−× , which corresponds to low 

doping. Thus, the mean free time is quite long, making µ is large, so that the diffusion 
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length for eL in the p-layer is long. The diffusion length spans the whole p-layer, 

demonstrating that the photocurrent (at 362 nm) generated in the p-layer is quite large. 
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