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ABSTRACT 

Ultraviolet detection technology is a high-tech technology, which has great application 

prospects in environmental monitoring, information technology, medical treatment, 

astronomical observation and satellite communication. As a wide band gap semiconductor, 

diamond has excellent properties such as high carrier mobility, high saturated carrier drift 

rate, high thermal conductivity, low dielectric constant, high chemical stability and radiation 

resistance. It is an ideal material for fabricating ultraviolet detectors. In this dissertation, a 

series of studies have been carried out to improve the responsivity of single crystal diamond 

ultraviolet detectors. 

Ultraviolet detectors with photocurrent gain were fabricated by the single crystal diamond 

intrinsic epitaxial layer with NV color center defect. The origin for the photoelectric gain is 

the electron injection, whose opening voltage decreases with the increase of the number of 

photo-generated electrons. When the bias voltage is greater than the open voltage, the 

photocurrent increases rapidly, and the responsivity of the detector increases rapidly from 

4.29 mA/W at 3 V to 51 mA/W at 12 V. In the deep ultraviolet band, avalanche effect was 

observed as the voltage increased further. The photocurrent increased 10 times rapidly, and 

the responsivity at 50 V was as high as 1.18 A/W. 

The diamond groove three-dimensional structure detector was fabricated by bottom-up 

method. Firstly, the selective epitaxial process is optimized. The metal mask needs high 

melting point and stability, and the annealing and cooling processes are needed to maintain 

the integrity of the electrode. On this basis, the diamond groove three-dimensional structure 

photoconductive detectors and photovoltaic detectors were investigated. Photoconductive 

detectors have high responsivity, but the dark current is high and the response speed is slow. 

Photovoltaic detectors have low responsivity, but their dark current is five orders lower than 

that of photoconductive detectors, and the response speed is fast. 

Diamond strip arrays were etched on the surface by optimized ICP etching process, and 

quasi-one-dimensional diamond ultraviolet detectors were obtained with the interdigitated 

electrodes set perpendicular to the direction of the diamond strip. Because of the etching 

defects, the as-fabricated detectors have better performance than planar detectors only when 

the electrode spacing is large, and the photocurrent of the detectors is increased by 14.6%. 

After a second growth process, the surface defects were recovered, then the performance of 

quasi-one-dimensional structure detectors is better than that of planar structure detectors at 

any electrode space. The photocurrent and responsivity of quasi-one-dimensional structure 

detectors are increased by 106%, and the UV/visible light rejection ratio and transient 

response performance are improved. 

The spectrum response range of diamond detector is extended by using TiO2. TiO2 thin 

film was deposited directly on diamond epitaxial layer by magnetron sputtering technology, 

and interdigitated structure detector was fabricated. The spectral response curves of the 
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detector show response peaks at 290 and 225 nm, which are derived from the ultraviolet 

response of TiO2 and diamond respectively. By combining the two materials, the 

responsivity of the detector in the whole ultraviolet band is improved. 

In the investigation of diamond p-i-n photodiode, the n-type doping process of diamond 

was studied firstly. The results show that the phosphorus doping concentration increases with 

the increase of growth temperature and the decrease of methane concentration. The growth 

rate of phosphorus-doped diamond films is over 20 m/h and the doping concentration is 

1018 cm-3 by high temperature and high methane concentration process. Diamond p-i-n 

photodiodes have been fabricated based on this process, which have obvious photoelectric 

response. At 5 V, the responsivity at 215 nm is 730 A/W, and the UV/visible light 

suppression ratio of 215 nm/400 nm is 1.4×103. However, the acceptor concentration is high, 

which leads to a large dark current and a slow response speed. 
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1  Introduction  

1.1 Mechanism of UV photodetector 

In the spectral range, ultraviolet (UV) light can be divided into four regions [1-3]: UV-A 

(wavelength 400-320 nm), UV-B (wavelength 320-280 nm), UV-C (wavelength 280-200 nm) 

and far-ultraviolet (wavelength 200-10 nm). UV photodetectors are devices that respond to 

these wavelengths, and their applications are very wide, attracting more and more research 

interest. The working mechanism of UV photodetectors are mainly based on photoelectric 

effect, which can be divided into external photoelectric effect and internal photoelectric 

effect [2]. The so-called external photoelectric effect, i.e. photoelectric emission effect, refers 

to that when photons irradiate metal or semiconductor, they can make the electrons escape 

from the material surface. This requires that the energy of photons is greater than the surface 

barrier. Internal photoelectric effect can be divided into photoconductive effect and 

photovoltaic effect. Photoconductive effect is related to conductivity change after light signal 

introduced. When the incident photon energy is larger than the bandgap of the material, the 

electrons in the valence band can be excited to the conduction band. As a result, the holes in 

the valence band and electrons in the conduction band lead to a conductivity enhancement. 

Photovoltaic effect is related to built-in potential change after light signal introduced. For 

inhomogeneous semiconductor or metal-semiconductor contact, the built-in potential will be 

formed at the interface, resulting a depletion layer. When light illuminates this area, an 

electron-hole pair will be generated in the depletion layer, swept to both sides by the built-in 

electric field, which reduces the built-in potential. The reduction is the photovoltaic potential 

difference, which is called photovoltaic effect.  

The performance of a photodetector is characterized by various parameters, mainly 

including quantum efficiency, responsivity, sensitivity, spectral response, noise equivalent 

power, detectivity and transient response. The responsivity and sensitivity represent the 

relationship between the output of the detector and the light power. The responsivity is the 

ratio of the output voltage to the light power, while the sensitivity is the ratio of the output 

current to the light power. Light power is related to photon energy, that is, to the wavelength 

of light. As a detector, the responsivity and sensitivity are determined for the determined 

wavelength of light. When the response and sensitivity of the detector are plotted as a curve 
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with the change of wavelength, it is the spectral response. The performance of the detector 

can be clearly seen from the curve. Generally speaking, the detector has a cut-off wavelength. 

When the incident wavelength is longer than the cut-off wavelength, the photodetector 

shows little photo response, and the spectral response curve will be very low. When the 

incident wavelength is shorter than the cut-off wavelength,the photodetector shows large 

photo response, and the spectral response curve will rise rapidly. The spectral response curve 

also shows the rejection ratio, that is, the ratio of the responsivity of the effective detection 

range to that of the invalid detection range. Detectability is the reciprocal of the noise 

equivalent power NEP. Normalized Detectability D* is generally used to characterize the 

performance of the detector. D* is a function of wavelength and is also related to the 

modulation frequency. 

In addition to the above parameter evaluation, ultraviolet detectors also need their unique 

performance, often including dark current, working temperature, response time and so on. 

An excellent ultraviolet detector needs to meet five requirements: high signal-to-noise ratio, 

high stability, high sensitivity, high response speed and high spectral selectivity. This is what 

is often called 5S requirement [4]. 

1.2 UV photodetector based on wide bandgap semiconductors 

At present, most of the UV detectors are silicon materials. Even if they are insensitive in 

the UV region, they can be enhanced by special treatment to meet the needs. However, 

compared with UV-enhanced silicon photodetectors, in order to achieve better UV detection, 

in recent years, many detectors with wide bandgap semiconductor materials have been 

studied. The reason for choosing wide bandgap is that semiconductor with wide bandgap can 

be insensitive to visible light and act as a natural filter without using expensive filters. 

Moreover, these semiconductor materials have many excellent properties. This includes SiC, 

GaN, ZnO, Ga2O3, diamond and so on.  

(1) Group III Nitride Semiconductor Photodetector 

Group III nitrides [1] include AlN, GaN, InN and their ternary and quaternary compounds. 

These semiconductor materials have wide band gap, ideal spectral selectivity, good thermal 

stability, strong breakdown field, radiation resistance, and are expected to make devices with 

high responsivity. In the 1990s, Khan et al. [5] prepared epitaxial GaN thin films by metal 

organic chemical vapor deposition and fabricated the first GaN ultraviolet photodetector. 

This is a great breakthrough. Subsequently, various research groups have developed a variety 
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of photodetector structures, such as photoconductor, MSM, Schottky junction, MIS, p-n 

junction and p-i-n structure [6-11]. The band gap of GaN [1] is 3.42 eV, corresponding to the 

cut-off wavelength of 360 nm. The band gap of InN is 0.65 eV, corresponding to the cut-off 

wavelength of 1770 nm. The band gap of AlN is 6.2 eV, corresponding to the cut-off 

wavelength of 210 nm [12]. Thus, adjusting the composition of In in InxGa1-xN and Al in 

AlGaN can adjust the spectral range of coverage. Both light blindness and solar blindness, 

from visible light to near infrared, are involved. 

(2) SiC photodetector 

The band gap of SiC [13] can be changed from 2.0 eV to 7.0 eV. It can be used in high 

temperature, high frequency, high power and radiation environment. The development of 

SiC ultraviolet detectors came from the advent of commercial 6H-SiC (band gap is 3.0 eV, 

corresponding to the cut-off wavelength of 414 nm) and 4H-SiC (band gap is 3.23 eV, 

corresponding to the cut-off wavelength of 385 nm). SiC achieves p-type and n-type by 

doping Al and N, and realizes different device structures. Anklin et al. [14] manufactured 

n-type SiC Schottky junctions with high quality. Leakage current was less than 100 pA under 

bias voltage from -100 to -170V, and responsivity was 150 mA/W under 215 nm light. W.F. 

Yang et al. [15] manufactured a MSM-type SiC Photodetector based on 4H-SiC. The 

photodetector uses interdigital electrodes with the same spacing and electrode width. The 

dark current at 5V bias is only 0.25 pA, and the responsivity at 20V is 0.103A/W. At the 

same time, the UV/visible light rejection ratio is higher than 103. The p-i-n photodetector 

manufactured by SiC can achieve low noise and high response speed. The p-i-n [16] 

ultraviolet detector of 6H-SiC has very low dark current under bias, and its responsivity 

under 270 nm illumination is 150-175 mA/W. The responsivity of 4H-SiC p-n [17] junction 

ultraviolet detector under 280 nm light is 0.03A/W, and the photocurrent is four orders of 

magnitude higher than the dark current. X. Bai et al. [18] fabricated a p-i-n avalanche 

photodiode based on 4H-SiC with dark current density of 63 nA/cm2 and quantum efficiency 

of about 40%. It can reduce the dark current to 90 pA and the optical gain to 1000 through 

reasonable design and optimization. After that, many people tried to improve the 

performance of SiC avalanche photodiode devices, and achieved good results. 

(3) One-dimensional nanostructured ultraviolet detectors 

In recent years, many ultraviolet detectors with one-dimensional or quasi-one-dimensional 

nanostructures [19-21] have been developed. Because they are one-dimensional 

nanostructures, many of their physical and chemical properties are different from those of 
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µm detectors. Its surface volume ratio is very large, its dimension is small, and it has high 

sensitivity to light. It is very suitable for making photoconductors. One-dimensional 

materials include ZnO, GaN and other metal oxides. H. Kind [22] and others have fabricated 

one-dimensional nanowire ultraviolet detectors based on zinc oxide. The diameter of these 

detectors ranges from 50 to 300 nm, and the resistivity is 3.5 MΩ·cm in dark. Under 380 nm 

ultraviolet irradiation, the resistivity decreases by 4 to 6 orders of magnitude, and the 

response time is less than 1 s. Some people also annealed the device so that the responsivity 

can reach 1.55 A/W at 10V. Son et al. [23] fabricated a single GaN nano-p-n junction, which 

can rectify in dark conditions. Under 365 nm UV irradiation and -0.03 V bias, the light 

response switch ratio is 14. GaN-based p-i-n nanowire photoblind detectors have also been 

developed, with a responsivity of 0.14 A/W at -1V and a UV/visible light rejection ratio of 

more than 100. Some metal oxide nanowire photodetectors also have considerable potential, 

including nanostructured ultraviolet photodetectors such as Ga2O3, SnO2, In2O3, ZnGeO and 

In2Ge2O7 [24-28]. They are special in nature and widely used. 

1.3 State of art of diamond UV photodetector 

Among many wide bandgap materials, diamond is a kind of material with many 

excellent properties: large band gap, the highest thermal conductivity, low dielectric constant, 

minimal atomic number, large resistivity, high radiation resistance and thermal stability, as 

shown in Table 1-1. These excellent qualities enable the devices to work safely and steadily 

in high temperature, high frequency, high power, strong radiation and other environments. 

Diamond detectors can be used in sewage treatment, smoke monitoring, micro-lithography, 

excimer laser beam monitoring, astronomical observation, biomedical analysis, high-energy 

particle detection and so on. Therefore, it is of great significance to study diamond UV 

detectors.  

Table 1-1  Comparison of Properties of Natural Diamond and CVD Diamond Films 

Properties Natural diamond CVD diamond 

Thermal conductivity/W·cm-1·K-1 20 4-17 (10-200 μm) 

Bandgap/eV 5.5 5.5 

Resistivity/Ω·cm >1016 >1010 

Breakdown field/V/cm 107 105-106 
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Electron mobility/cm2/V·s 1800 — 

Hole mobility /cm2/V·s 2200 — 

Dielectric constant 5.6 5.6 

Thermal stability/Celsius 1600 >1300 

The rapid development of diamond UV photodetectors benefits from the development of 

CVD diamond film growth technology. So far, many researchers have been working hard to 

get high performance diamond photodetectors. The research of diamond photodetectors is 

focused on the growth condition modification, film quality, surface treatment, and electrode 

configuration optimization. In order to grow high quality diamond film materials, many 

methods have been developed. At present, there are seven growth methods for CVD 

diamond films, namely HFCVD, MW-PCVD, RF-PCVD, DC-PCVD, ECR-MWCVD, 

CFA-CVD and LA-CVD. The most common are HFCVD and MW-PCVD. Generally 

speaking, the diamond films grown by MPCVD method are of good quality and can be well 

adjusted. The performance of the detector is largely determined by the quality of the material. 

Impurities and defects exist in CVD diamond films, which affect the grain boundary, grain 

size and grain orientation of polycrystalline CVD diamond films. The quality of single 

crystal diamond is better than that of polycrystalline diamond. After CVD diamond growth is 

completed, there will be non-diamond phase or some other defects and impurities on the 

surface, and there will also be hydrogen terminals. Different surface treatment processes and 

methods will also affect the performance of devices. 

Most of the diamond detectors do not need p-n junction structure, so the collection of 

photogenerated electron hole pairs is mainly accomplished by electrodes. According to 

different metal contacts, the structure of the device is different, and the performance 

parameters will also change. The influence of hydrogen and oxygen terminals on the 

electrode mode is also crucial. Since the study of diamond detectors, a variety of structures 

have been developed. Traditionally, there are interdigital structure, interdigital offset 

structure, PN junction structure, Schottky diode structure and MDV structure, etc. [29-33]. 

Generally, these structures use two kinds of effects: photoconductivity and photovoltaic 

effect. With the deepening of research, some new detection structures have been proposed, 

such as coplanar grid structure, graphene-diamond-metal sandwich structure, graphite 
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columnar electrode structure and stack electrode structure. 

(1) Planar MSM structure 

S. Salvatori et al. [34] used a planar MSM structure to study the effect of electrode 

spacing on device performance, as shown in Fig. 1-1. The results show that the dark current 

is less than 1 nA when the electrode spacing is 100 µm, and the external quantum output is 

more than 10% when the electrode spacing is 300 µm and the selectivity is close to 104 at 

220 nm. At the same time, they pointed out that the use of interdigital electrodes can increase 

the detection area, because in this structure, the effective light detection area is limited to the 

gap between the electrodes, which is very small compared with the electrodes, and is also a 

waste for diamond sheets. 

 

Figure 1-1  Planar MSM Electrode detectors [34]. 

(2) Interdigital structure 

Robert D. McKeag et al. [35] used interdigital electrodes to fabricate photodetectors, 

whose structure is shown in Figure 1-2. The diamond film has a grain size of 20-30 µm, and 

the electrode spacing and width are both 20 µm. The space between electrodes is equal to the 

grain size, and the number of grain boundaries crossed by electron-hole pairs can be reduced 

as much as possible. The use of interdigital structure can increase the detection area and 

reduce the transport time of electron-hole pairs, which is conducive to the improvement of 

detection efficiency. The dark current they measured was less than 0.1 nA, and the 

responsivity at 200 nm was 106 times higher than that at visible wavelength. 
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Figure 1-2  Interdigitated electrode detector [35]. 

(3) Graphene-diamond-metal sandwich structure 

Kaiyuan Yao et al. [36] studied the sandwich structure with graphene performing as top 

electrode, as shown in Figure 1-3. Graphene electrode has its unique advantages because it 

can transmit 98% UV light. Additionally, it can form a sandwich structure, which can form a 

uniform electric field. Under 5 V bias and 220 nm wavelength, the response is 0.13A/W and 

the quantum efficiency is 72%. 

 

Figure 1-3  Graphene-Diamond-Metal Structural Diagram [36]. 

(4) Stack electrode detector 
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Y. lwakaji et al. [37] used stack electrodes structure to fabricate high quality single crystal 

diamond UV photodetectors. The substrate is HPHT method synthesized Ib-type diamond. 

Then buffer layer, boron-doped layer, and undoped layer are sequentially grown on the 

substrate through MPCVD method. Next, the stack structure is etched by electron cyclotron 

resonance oxygen plasma etching method. The width of diamond strip is 10 µm and the 

spacing is 5 µm. TiN electrodes are fabricated by lift-off method and DC magnetron 

sputtering method to form ohmic contact. When the voltage is close to 100V, the dark current 

is still less than 10pA. The ratio of responsivity at 210 nm to that at 240 nm is higher than 

104, and the response time is 1.2 ms. 

   

Figure 1-6  Stack electrode detector [37]. 

1.4 Facing challenges 

Since the research of CVD diamond film UV photodetector, great progress has been made, 

but its real application is still far. If a thing has no use value, it will disappear soon. In order 

to make the diamond UV photodetector practical, it is necessary to make the device process 

as mature as the silicon detector, make the device performance more stable, practical and 

effective, and most importantly, reduce the cost. This is not only related to the quality of 

materials, but also to the rapid growth of materials. How to rapidly grow high quality 

diamond film, how to determine the most effective detector structure and how to find the 

best application conditions of the detector are all important challenges for the development 

of diamond detectors.  
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2  Diamond UV Photodetector with Photocurrent Gain 

2.1 Introduction 

As a good UV photodetector, it should have high ultraviolet/visible selectivity, high 

signal-to-noise ratio, high response speed, high stability and high sensitivity of 5S 

performance. Among many broadband gap semiconductors, diamond is a promising material 

for deep ultraviolet photoelectric detection due to its wide band gap (5.5 eV), high carrier 

mobility (3800 cm2/Vs), high thermal conductivity (22 W/cmK), low dielectric constant 

(about 5.7), high chemical stability and high radiation resistance. The research of diamond 

ultraviolet photodetectors mainly focuses on film quality and device design [38]. So far, 

several device structures have been proposed, such as p-i-n detector [39], Schottky 

photodiode and metal-semiconductor-metal (MSM) detector. In these devices, MSM 

structure has been widely used because of its simple manufacturing process. MSM structure 

can be divided into two types: MSM photoconductive detector and MSM photodiode [40]. 

Compared with MSM photoconductive detectors, MSM photodiodes do not need annealing. 

The Schottky barrier formed at the metal/diamond interface can reduce the dark current and 

noise level [35]. Teraji et al. used Ti/Au interdigital electrodes to fabricate back-to-back 

Schottky photodetectors on undoped single crystal diamond epitaxial layers. Although Ti in 

undoped diamond is Schottky contact [41], in his work, the photocurrent increases linearly 

with bias voltage. Liao et al. also fabricated metal-diamond-metal photodetectors on 

undoped diamond epitaxy layer, whose electrode material is tungsten carbide. Although his 

structure is back-to-back Schottky structure, its photocurrent curve is non-linear, and shows 

different IV characteristics in multiple voltage ranges [42]. At low bias, IV curve shows 

sublinear behavior, while at high bias, I-V curve shows superlinear behavior. The reason for 

producing superlinear behavior IV curve lies in photocurrent gain. Liao et al. attributed the 

source of photocurrent gain to the formation of interface traps between WC and diamond. 

However, another back-to-back Schottky detector prepared by Liao et al. did not show such 

photocurrent gain [40] with the same electrode configuration. Therefore, the mechanism of 

photocurrent gain should be further explored. 

In this chapter, we try to fabricate Ti/Au electrodes on the surface of undoped 
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oxygen-terminated diamond to form back-to-back Schottky structure photodetectors, and 

study the photocurrent gain. The results show that the device has photocurrent gain, and the 

photocurrent gain is related to the photoelectron density. The avalanche effect was observed 

for the first time at high voltage. 

2.2 Experimental 

(1) Substrate preparation  

The substrate was high temperature and high pressure (HPHT) IIa-type (100)-orineted 

diamond, which was heated at 250 ℃ for 2 hours in a mixture of sulfuric acid and nitric acid 

solution to remove inorganic impurities and graphite phase on the surface. Then it was 

ultrasonic cleaned in deionized water, alcohol, acetone, alcohol and deionized water for 5 

minutes in turn to remove surface acid pickling residues and organic impurities. 

(2) Epitaxy growth  

A high quality single crystal diamond epitaxial layer was grown on the substrate through 

MPCVD method. Figure 2-1 shows the picture of the AX5200 MPCVD system used for 

diamond growth. The parameters of epitaxy growth are: CH4/H2=1%, gas flow rate 500 sccm, 

substrate temperature 900 ℃, pressure 13 kPa, power 1 kW, and epitaxy thickness 200 nm. 

After growth, the diamond sample was heated for 1 hour in a 1:1 volume ratio mixture of 

sulfuric acid and nitric acid at 250 ℃ to change hydrogen termination into oxygen 

termination. 

 

Figure 2-1 Picture of the AX5200 MPCVD system used for diamond growth. 

(3) Electrode fabrication 

The interdigitated electrode pattern was formed on the epitaxial layer surface by 
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photolithography, and then the sample was placed into the magnetron sputtering cavity. 

Ti/Au thin films with thickness of 30 nm/120 nm were sputtered on the surface of the sample. 

The parameters of magnetron sputtering are: argon flow rate 40 sccm, pressure 0.3 Pa, radio 

frequency power 75 W. Finally, the photoresist and the metal on it were removed by lift-off 

process, and the planar interdigitated electrode structure detector was obtained. Its 

interdigitated electrode has a width of 10 µm, a space of 10 µm and a photosensitive area of 

0.36 mm2. Figure 2-2 shows the picture of photolithography machine. 

 

Figure 2-2 Picture of photolithography machine. 

(4) Characterization of properties  

The quality of the diamond substrate was evaluated by a Raman spectrometer with a 50× 

objective lens and 532-nm wavelength laser. The electrical and photoresponse properties of 

the photodetector were evaluated by an Agilent B1505A power device analyzer, 1000-W Xe 

lamp source, and monochromator. The incident light power was measured by a commercial 

UV-enhanced Si detector. Time response behaviors were measured by repeatedly switching 

the UV light on and off with a metal shutter. 

2.3 Results and discussion 

Raman spectrum is a conventional method to characterize the diamond phase. Figure 

2-3(a) shows the picture of Raman machine used in our lab. When a light beam interacts 

with a molecule as the scattering center, the vibration of the molecule will change the 

propagation direction and frequency of a small number of photons. This phenomenon is 

called Raman scattering. The interaction between photons and sample molecules can be 
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analyzed from the transition between energy levels, as shown in Figure 2-3(b). E0 is the 

ground state of electrons, E1 is the vibrational excited state, E0+hν0 and E1+hν0 are the 

excited states.  

 

Figure 2-3 (a) Picture of Raman machine; (b) Schematic of Raman principle. 

When the sample molecule is in the ground state, and the energy of incident photons is 

much larger than the energy required for the transition of vibration level but not enough to 

excite the molecule to the excited state of electron level, the sample molecule absorbs 

photons and reaches a quasi-excited state, also known as virtual energy state, namely E0+hν0 

and E1+hν0. The sample molecule is unstable in the quasi-excited state, and it will return to 

the ground state of the electron level. If the molecule returns to the vibrational level ground 

state E0 in the electron level ground state, the energy of photons does not change and 

Rayleigh scattering occurs. If the sample molecule returns to the higher vibrational level in 

the ground state of the electron level, i.e. some vibrational excited states such as E1, the 

scattered photon energy is h(ν0-Δν), less than the incident photon energy hν0, and its 

wavelength is larger than the incident light. At this time, a Raman scattering line, called 

Stokes line, will appear on the lower frequency side of the Rayleigh scattering line of the 

scattering spectrum. If the sample molecule is not in the lowest vibrational level of the 

ground state of the electron energy level at the moment before the interaction with the 

incident photon, but in the excited state of some vibrational level in the ground state of the 

electron energy level, such as E1, then the incident photon makes it transit to the 

quasi-excited state E1+hν0, and the molecule falls back to the ground state E0 of the ground 

state of the electron energy level, so that the scattered light energy h(ν0+Δν) is larger than 

that of the ground state E0. The radiation photon energy h0, whose spectral line is located at 
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the high frequency side of Rayleigh spectral line, is called anti-Stokes line. In Raman test, 

the data obtained are Raman displacement. Raman displacement is the difference between 

the frequency of Raman scattering light and incident light, reflecting the specific sample 

information. For diamond, its characteristic Raman displacement is 1332 cm-1. Therefore, 

the presence of diamond characteristic peaks can be observed by Raman spectroscopy to 

determine whether the films contain diamond phase. 

Figure 2-4 shows the Raman spectrum of diamond epitaxial layer. It can be observed that 

there is a sharp Raman peak at about 1333 cm-1 with a half-peak width of 3.96 cm-1. The 

Raman characteristic peak of diamond indicates that the sample is diamond, and its smaller 

half-peak width indicates that the quality of single crystal diamond is acceptable [37]. In 

addition, another peak can be observed at about 1428 cm-1. The peak value is weak and the 

range is wide. It corresponds to the wavelength of 575 nm in the photoluminescence 

spectrum. The laser emission spectra of diamond epitaxy layer are given in the illustration. 

The peak at 572 nm is diamond peak, and the peak at 575 nm is NV0 color center 

fluorescence peak. Both peaks correspond to Raman spectra. There is also a peak at 637 nm 

in the illustration, which comes from the NV-center [43]. Therefore, the results show that 

there are some nitrogen impurities in the diamond epitaxial layer. 

 

Figure 2-4 Raman spectrum of diamond epitaxial layer. 

XPS technology can be used to directly measure the barrier height of metal/diamond 

contact. By measuring the C1s peak of diamond covered by titanium/diamond interdigital 

electrodes and comparing with the standard C1s spectrum of diamond, the energy band 

offset can be obtained. In addition, reference samples need to be prepared to calibrate the 
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results. Generally speaking, reference samples select gold. The barrier height (Φbh) of 

Ti/diamond contact can be calculated by the following equation [44]: 

_ _

BH 1 _ _( )Au diamond Au reference

C s diamond metal core metal coreE E E E                      （2-1） 

where EC1s is the binding energy of C 1s peak of diamond in the area covered by Ti/Au 

interdigitated electrodes, ∆Ediamond is the energy difference between C1s and the maximum 

value of valence band for undoped oxygen-terminated diamond, 
_

_

Au diamond

metal coreE is Au4f7/2 

binding energy on diamond and 
_

_

Au reference

metal coreE is Au4f7/2 binding energy of reference sample. 

Generally, ∆Ediamond is about 283.9 eV [45].  

 

 

Figure 2-5 XPS spectra of (a) C1s and (b) Au4f7/2. 

Figure 2-5 (a) shows the XPS spectrum of C1s obtained from the diamond surface covered 
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by Ti/Au interdigitated electrodes. Among them, the peak of binding energy 283.95 eV is the 

characteristic peak of SP3 C-C bond, the peak of binding energy 283.1 eV is related to 

carbide impurities, and the peak of binding energy 285.1 eV is the characteristic peak of C-O 

bond for oxygen-terminated diamond. Figure 2-5 (b) shows the Au4f7/2 XPS spectra of 

Ti/Au electrodes and reference sample with binding energies of 82.8 eV and 83.9 eV, 

respectively. Therefore, the barrier height of Ti/diamond contact can be calculated to be 

Φbh=283.95 eV-283.9 eV-(82.8-83.9) eV=1.15 eV. This value is larger than the typical ohmic 

contact value of 0.63 eV between Ti and p-type diamond [9]. Therefore, the Ti/diamond 

contact prepared in this experiment is Schottky contact.  

Figure 2-6 shows IV characteristics of the UV photodetector under dark and 210 nm 

illumination conditions. Due to the existence of double Schottky junction, the dark current of 

the detector is very low with a value less than 300 fA at 30 V. Under the irradiation of 210 

nm, the current of the device increases much. It should be noted that the photoelectric 

current of the detector can be divided into three parts. When the bias voltage is less than 5V, 

the photocurrent curve increases sublinearly. In the range of 5-9 V, the photocurrent 

increases exponentially. In the range of voltage greater than 9V, the current increases 

sublinearly again. Due to the exponential increase process, the photocurrent in the high 

voltage region is 10 times higher than that in the low voltage region. This phenomenon 

means that the UV photodetector produces photocurrent gain. The source of photocurrent 

gain can be attributed to the interface electron injection [46]. 

 

Figure 2-6 IV characteristics of the photodetector under dark and 210 nm illumination 

conditions 
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The injection process can be explained through band diagram. Figure 2-7 shows the 

energy band diagram of the back-to-back Schottky structure detector. Because the electrode 

structure is symmetrical, the energy band diagram in equilibrium state is symmetrical (V = 0). 

When a positive bias is applied, the band will bend upward from the positive to the negative. 

For the hole, there is only one barrier in the valence band, that is, the interface between the 

positive electrode and the diamond, so it is easy to be collected by the negative electrode. 

However, for electrons, there are two barriers in the conduction band, one at the 

positive/diamond interface and the other at the negative/diamond interface, which inhibit the 

transmission of electrons. Under the illumination below the cut-off wavelength of diamond, 

the electrons in the valence band will be stimulated to the conduction band, leaving a hole in 

the valence band. The holes generated by these light will be quickly collected by negative 

electrodes and generate primary photocurrent at low bias voltage, while the electrons 

stimulated by light will accumulate near the positive electrode/diamond interface. When the 

bias voltage increases, the large electric field will make these electrons pass through the 

barrier and be collected by the positive electrode, thus obtaining the photocurrent gain. This 

mechanism is different from Liao's gain mechanism [69], so IV characteristics are different. 

 

Figure 2-7 Energy band diagram of the back-to-back Schottky structure photoetector. 
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Figure 2-8 shows the IV characteristics of the photodetector at different light wavelengths. 

When the light wavelength is less than 240 nm, the current exponential gain region can be 

clearly observed. In addition, a slight exponential gain region can be observed at 400 and 

450 nm. However, there are differences in the voltage at which they start to generate current 

exponential gains (denoted as the open voltage). It can be observed that the open voltage is 

smaller when illuminated with shorter-wavelength light. 

 

Figure 2-8 IV characteristics of the photodetector at different light wavelengths. 

 

Figure 2-9 IV characteristics of the photodetector at different light power densities. 
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The difference in open voltage may be ascribed to the different number of electrons. 

Under 400 and 450 nm illumination, photogenerated electrons mainly come from nitrogen 

defects. Because the defect density is low, relatively fewer electrons are generated, resulting 

in a higher turn-on voltage. To validate this view, we tested IV characteristics under different 

light power densities, and the results are shown in Figure 2-9. It can be observed that with 

the decrease of light power density, the open voltage increases gradually. Since the number 

of photogenerated electrons is proportional to the optical power density, it can be concluded 

that the increase of the number of electrons will reduce the open voltage. Therefore, the 

photocurrent gain is related to the concentration of electrons. 

Figure 2-4 (a) shows the responsivity and UV/visible rejection ratio at 210 nm and 400 nm 

of the detector. At 210 nm wavelength, the responsivity could be improved due to the 

existence of photocurrent gain. When the bias voltage is 3V, the responsivity is only 4.29 

mA/W, while when the bias voltage is 12 V, the responsivity increases rapidly to 51 mA/W. 

On the contrary, at 400 nm, because there is no current gain, its responsivity is low and 

increases slowly with the increase of voltage. The rejection ratio of 210 nm/400 nm 

UV/visible light is also given. At low bias voltage, the rejection ratio is relatively small, and 

its value does not exceed 200. At high bias, the rejection ratio increases to more than 103 due 

to the rapid increase of responsivity at 210 nm. 

 

Figure 2-10 Responsivity and UV/Visible rejection varying with voltage. 

Figure 2-10 shows the dependence of responsivity on optical power at 210 nm wavelength 
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with different bias voltage. When the bias voltage is 3 V, the responsivity almost remains 

unchanged with the increase of optical power. When the bias voltage is 7 V, the voltage is 

located in the current exponential gain voltage region, and its responsivity increases slowly 

with the increase of optical power. When the bias voltage is 12 V, the responsivity increases 

rapidly at low light power and slowly at high light power. These results show that the 

photocurrent gain can improve the responsivity of the detector. 

 

Figure 2-11 Responsivity of the diamond UV detector under 210-nm illumination depending 

on light power. 

    Figure 2-12 shows the time response characteristics of the photodetector. The bias 

voltage is 20 V, and the wavelength of incident light is 210 nm. The discontinuity of optical 

signal is realized by a metal shutter. It can be seen that the device has a good repeatability. 

Its rise time is 640 ms, and its falling time is 34 ms. In Liao et al.’s work [7], the transient 

response will slow down after the current gain is generated. This difference shows that the 

mechanism producing photocurrent gain is different. In their work, the photocurrent gain is 

caused by charge capture at metal/diamond interface, which leads to hole tunneling under a 

certain bias voltage. In our work, the photocurrent gain comes from the injection of electrons 

across the barrier. Therefore, the IV characteristics and transient response behavior are 

different. According to the time response measurement, the noise equivalent power is 

calculated to be 1.87×10-9 W at 210 nm, which indicates that the detector has a good 

performance. 
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Figure 2-12 Transient response of the photodetector under illumination of 210nm and 20 V. 

In addition to the current gain, the avalanche effect of the back-to-back Schottky barrier 

structure diamond ultraviolet detector at high voltage is realized. With the further increase of 

applied bias voltage, the photocurrent will undergo a second rapid rising process, as shown 

in Figure 2-13. It can be observed that the photocurrent increases rapidly after a certain 

voltage when the light wavelength is 205, 210 and 215 nm. At 210 nm, when the voltage is 

greater than 43.5 V, the current increases rapidly from 1 nA to 10 nA. The reason for this 

phenomenon is avalanche effect. Under the action of electric field, the photogenerated 

electrons in diamond will move to the positive electrode. When the applied bias is high, 

photogenerated electrons will gain enough energy to collide with the lattice to produce 

additional electron-hole pairs, which will produce avalanche effect. Because of the 

avalanche effect, the response at 210 nm at 50 V is 1.18 A/W. In Bin Zhao et al.’s work, 

avalanche effect can improve the responsivity and detectivity of ultraviolet detectors [47]. 

Therefore, the avalanche effect observed in diamond ultraviolet detectors is expected to 

improve device performance by optimizing the structure. It is noteworthy that the critical 

voltage of avalanche effect at 210 nm wavelength is the smallest, which is consistent with 

the lowest open voltage. It further confirms that the concentration of photoelectrons is the 

key factor to generate the photocurrent gain. 
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Figure 2-13 IV characteristics of the UV photodetector at different light wavelengths. 

2.3 Summary 

In this chapter, diamond UV photodetector with photocurrent gain were prepared, and the 

mechanism of the photocurrent gain was investigated. When the bias voltage is larger than 

the open voltage, the photogenerated electrons accumulated near the positive 

electrode/diamond interface can tunnel through the barrier and inject into the electrode, thus 

generating photocurrent gain. The turn-on voltage is related to the concentration of 

photoelectrons. The higher the concentration, the lower the turn-on voltage. Due to the 

existence of photocurrent gain in diamond ultraviolet photodetectors, the responsivity can be 

enhanced. When the bias voltage is less than the open voltage, the wavelength responsivity 

of 210 nm is only 4.29 mA/W; when the bias voltage is larger than the open voltage, the 

responsivity increases rapidly to 51 mA/W. When the voltage is further increased, the 

avalanche effect occurs, then the photocurrent increases 10 times rapidly, and the 

responsivity reaches 1.18 A/W at 50 V.
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3  Groove-shaped three-dimensional single crystal diamond UV 

detector by bottom-up method 

3.1 Introduction 

UV photodetectors often work in extreme environments. Diamond is an excellent 

candidate for ultraviolet photodetectors because of its wide bandgap, high carrier mobility, 

radiation resistance, good thermal stability and chemical stability. In the early research, 

diamond UV photodetectors were mostly based on polycrystalline CVD diamond films. 

However, polycrystalline diamond films have a large number of grain boundaries and rough 

surface, which affect the fabrication and performance of devices. In 2004, the rapid growth 

technology of CVD single crystal diamond achieved a breakthrough [48,49]. As a result, the 

research of diamond UV photodetectors based on CVD single crystal diamond epitaxial 

layer was carried out rapidly, showing excellent device performance and obtaining the most 

sensitive diamond ultraviolet photodetectors. Therefore, single crystal diamond ultraviolet 

detectors have been widely studied in recent years. After the improvement of the film quality, 

the researchers optimized the device structure, including stack structure and 

three-dimensional graphite electrode structure. In the diamond radiation detector, the 

three-dimensional structure occupies an important position. B. Caylar et al. uses 

femtosecond laser processing technology to fabricate columnar electrode arrays in single 

crystal diamond. The top of the columnar electrode is connected by the interdigital electrode 

on the surface to obtain the detector. These graphite electrodes have electrode activity, which 

can effectively collect the charges generated in diamond and improve the collection 

efficiency [50] compared with the planar structure. However, femtosecond laser processing 

can produce surface stress, even cracks, which will affect the performance of devices. 

Another three-dimensional electrode fabrication method is to use reactive ion (RIE) etching 

technology to fabricate grooves on the surface of diamond, and then cover the grooves with 

metal electrodes to obtain three-dimensional electrode structure to improve the charge 

collection efficiency [51]. However, this electrode structure has not been applied to diamond 

ultraviolet photodetectors. In this chapter, grooved three-dimensional electrode structure are 

applied to single crystal diamond photodetectors, and their properties are characterized. 
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3.2 Investigation of selective growth of diamond 

Up to now, the preparation of three-dimensional diamond ultraviolet detectors is mainly 

from the top to the bottom, that is, etching technology and laser processing technology are 

used to prepare a structured surface, then the electrode is fabricated to collect these 

structures. In this method, the etching process will introduce defects, and the alignment 

problem will also exist in multiple lithography process. In order to solve this problem, we 

propose a new fabrication method which is called bottom-up method. First, the electrode 

pattern is prepared on the diamond surface, then it is put into the MPCVD chamber for a 

second epitaxial growth on the uncovered diamond, so that the photodetector can be obtained 

directly. This growth method with a metal mask is also called selective growth method. 

Because the key of bottom-up method is selective growth, it should be investigated to obtain 

a good-performance detector. 

(1) Selection of mask metal 

In the selection of mask metals, two aspects need to be considered. On one hand, the 

substrate temperature may reach 1000 ℃ or even higher during the diamond epitaxial 

process, thus the first requirement is that the mask metal should have a higher melting point. 

On the other hand, some metals may cause other products in the selective growth process. 

Therefore, the metal should be stable during growth. 

Two groups of comparative experiments were designed. One is for melting point 

investigation and another is for stability investigation. The used metal and growth 

parameters were shown in Table 3.3. Sample A and B were used to study the effect of 

melting point on morphology. High melting point tungsten was used in sample A and low 

melting point nickel was used in sample B. The thickness of the metal mask is 150 nm, and 

the temperature is maintained at 1000 ℃ during the growth process. 

Table 3-1  Selective growth conditions used in this experiment. 

Sample Metal 
Thickness 

(nm) 

CH4 

(sccm) 

H2 

(sccm) 

Temperatur

(℃) 

Pressure 

(kPa) 

Time 

(min) 

A W 150 20 480 1000 13 10 

B Ni 150 20 480 1000 13 10 

C W 100 20 480 900 13 10 

D Pd 100 20 480 900 13 10 
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Figure 3-1 shows the optical morphology of sample A and sample B before and after 

growth. It can be seen that the tungsten mask is relatively intact after growth, while the 

nickel mask becomes nanoparticles after growth. For tungsten metal, its melting point is as 

high as 3422 ℃, so it will not melt at growth temperature of 1000 ℃. Hence the metal 

retains relatively well and the diamond film only grows on the uncovered area, as shown in 

Figure 3-1(b). For nickel metal, although its melting point is 1455 ℃, higher than the 

substrate temperature, its thickness is 150 nm, the melting point will be reduced compared 

with larger size material. Therefore, in the growth process, the melting shrinkage of nickel 

film occurs, which makes the growth area appear in the metal-covered area, as shown in 

Figure 3-1(d). 

 

Figure 3-1 Optical images of sample A (a) before and (b) after growth and sample B (c) 

before and (d) after growth . 

Sample C and D were used to study the effect of metal stability on morphology. Because 

the melting point of Pd is 1554.9 ℃, the substrate temperature was set to 900 ℃ in order to 

avoid melting during the growth process. Figure 3-2 shows the surface morphology of 

sample C and sample D before and after growth. It can be seen that after the growth, 

although tungsten mask exists metal shedding phenomenon, the metal area is smooth and 
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clean, and no other carbon materials are formed, as shown in Figure 3-2(b). For the 

palladium mask, the metal region becomes black after growing in the MPCVD chamber, as 

shown in Figure 3-2 (d). This indicates the formation of other carbon materials. 

 

Figure 3-2 Optical images of sample C (a) before and (b) after growth and sample D (c) 

before and (d) after growth. 

In order to further prove whether other material was formed during growth, Raman 

characterization was taken for sample D and the results are displayed in Figure 3-3(a). There 

is only a single peak at 1331.9 cm-1 which is the characteristic peak of diamond in the 

uncovered area, indicating that the uncovered area is diamond. On the contrary, there are two 

peaks in Raman spectrum for metal region, one located at 1344.2 cm-1 and the other at 

1582.5 cm-1. For carbon materials, there are two characteristic peaks in the range of 1100 

cm-1-1800 cm-1, namely G peak (graphite) near 1580 cm-1 and D peak (defect) near 1360 

cm-1. G peak is the symmetrical vibration of optical mode, corresponding to the 

characteristic peak of SP2 C-C bond vibration. D peak is the vibration caused by defects. The 

Raman peaks of the ferrous materials in the metal region correspond to the D and G peaks, 

indicating that the composition of the ferrous materials is SP2 carbon. Figure 3-3(b) shows 

the SEM image of the metal region. It can be seen that there exists a large number of 
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nanowires. By combining Raman characteristic peaks and the morphology, we can confirm 

that these nanowires are carbon nanotubes [52-55]. This indicates that palladium can act as a 

catalyst and cause the growth of carbon nanotubes during the MPCVD growth process. 

These carbon nanotubes are easy to fall off, thus affecting the stability of the device. 

 

Figure 3-3 (a) Raman spectra of metal area and diamond area. (b) SEM image of metal area. 

In summary, when choosing the mask metal, the melting point should be high and no other 
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carbon material products are catalyzed in the CVD process. Tungsten metal is a suitable 

metal with high melting point and good stability. 

(2) Optimizing the Selective Growth Process 

After tungsten is identified as the mask metal, the growth process needs to be optimized, 

because it will be stripped from diamond, as can be seen in Figure 3-2 (b). This makes the 

electrodes incomplete, further affecting the usage of the photodetector. Because the process 

of growing high quality diamond epitaxial layer is relatively mature, the optimization of the 

process is mainly focused on the change of metal thickness and process order. 

Firstly, the metal thickness effect on selective growth morphology is studied. Two 

diamond substrates are prepared, one is to fabricate 150 nm thick tungsten electrode pattern 

on the surface, the other is to fabricate 30 nm thick tungsten electrode pattern on the surface. 

The two samples were put into MPCVD chamber for selective growth. The epitaxial growth 

parameters were CH4/H2=4%, gas flow rate of 500 sccm, substrate temperature of 900 ℃, 

pressure of 13 kPa, microwave power of 1 kW and growth time of 5 min. Figure 3-4 shows 

the morphology of the selectively grown samples with tungsten film thickness of 150 nm 

and 30 nm. It can be found that when the film is thicker, the metal is easy to fall off from the 

diamond surface, which makes the electrode incomplete. When the film is thin, the metal is 

not easy to fall off from the diamond surface, so the electrode pattern is very complete. We 

think that the main reason for the stripping of metal from diamond is due to the thermal 

expansion difference. The thermal expansion coefficient of diamond is 1.2 µm/K, while that 

of tungsten is 4.6 µm/K. In the heating process, tungsten expands rapidly and easily 

produces stress at the interface, which leads to metal fracture and warping. The reason that 

the thicker the film is, the easier it will fall off is mainly related to the plasma during the 

growth process. Microwave is an electromagnetic field. Under the action of microwave, 

plasma spheres can be produced in the chamber. When the metal is thicker, the metal is a 

protuberance relative to the diamond surface, which has the effect of gathering electric field. 

Thus, the plasma sphere mainly concentrates on the metal surface. Under the action of 

hydrogen plasma, the metal is heated rapidly, while the surface of diamond is heated 

relatively slowly, resulting in a large difference in thermal expansion, which makes the metal 

fall off from diamond. When the metal is thinner, the effect of the electric field on the metal 

surface is weakened, the difference between the electric field on the metal surface and that 

on the diamond surface is small, and the heating speed of the metal becomes slower, which 

can make the interface release stress in a short time. Therefore the metal is not easy to fall 
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off. 

 

Figure 3-4 Optical images of samples with (a) 150 nm and (b) 30 nm thick tungsten after 

selective growth.  

Since metal shedding is related to expansion, we can optimize it from two aspects so 

that thick metal masks do not fall off during selective growth process. On the one hand, the 

heating rate in the chamber should be slow. In general, hydrogen is first used to glow at low 

chamber pressure, then hydrogen flow rate and chamber pressure are increased to the growth 

conditions, and finally methane is introduced for growth. In this condition, the temperature 
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increases rapidly. Therefore, we introduce methane into the chamber after the starting of 

glowing, so that the heating rate of the substrate will be slower. On the other hand, to reduce 

metal/diamond interface hanging bonds and improve adhesion, the sample was annealed at 

500 ℃ annealing before growth process [56]. Figure 3-5 shows the optical image of the 

selectively grown sample under an optimized growth process. The tungsten film was 300 nm 

thick, and the sample was annealed at 500 ℃ for 10 minutes before placed into the MPCVD 

chamber. After hydrogen glow, methane is directly introduced into the chamber, and then the 

chamber pressure and hydrogen flow rate are increased to the growth conditions. The growth 

parameters are CH4/H2=4%, gas flow rate of 500 sccm, substrate temperature of 1000 ℃, 

chamber pressure of 13 kPa, and growth time of 10 min. It can be seen that the metal strip is 

very complete and the diamond surface is smooth. This shows that the heating rate of metals 

can be effectively reduced by immediately adding methane after glowing, so that the stress 

can release at the metal/diamond interface and the integrity of the electrode pattern can be 

better maintained. It is noteworthy that bulging still exists on metal bars. This is because the 

stress can not be completely released, so the metal will still expand. 

 

Figure 3-5 Optical image of selective grown diamond sample at a optimized growth process.  

3.3 Groove-shaped photoconductive three-dimensional diamond UV 

detector 

Using the selective growth process, we can fabricate a three-dimensional diamond 



 

 30 

structure photoconductive UV detector. 3 mm×3 mm×0.3 mm HPHT IIa-type single crystal 

diamond was used as the substrates. After acid, alkali and organic cleaning, 300 nm thick 

single crystal diamond epitaxial layer was grown through MPCVD method, as shown in 

Figure 3-6(a) and (b). The epitaxial growth condition is as follows: the total flow rate of 

reaction gas is 500 sccm, the ratio of CH4 to H2 is 1%, the process pressure, growth 

temperature and microwave power are 13 kPa, 900 ℃ and 1 kW, respectively. After growth, 

the diamond sample was heated for 1 hour at 250 ℃ in sulfuric acid and nitric acid mixture 

to remove hydrogen termination. Next, tungsten interdigitated electrodes were fabricated on 

the epitaxial layer surface by photolithography, magnetron sputtering and lift-off process, as 

shown in Figure 3-6(c). The width of the interdigitated electrode is 30 µm, the distance 

between the two electrodes is 50 µm, the total active area is about 0.65 mm2, and the 

thickness of the electrode is 30 nm. After preparing the electrode pattern, the sample was put 

into the MPCVD chamber again for the second epitaxial growth, as shown in Figure 3-6(d). 

The growth condition was: CH4/H2=4%, total flow rate of reaction gas 500 sccm, substrate 

temperature 1000 ℃, pressure 13 kPa, thickness of epitaxial layer 500 nm. In order to 

increase the growth rate, N2 was added to the secondary epitaxial process. After growth, a 

3D UV detector with alternating metal and diamond arrays is obtained. 

 

Figure 3-6 Fabrication process of the groove-shaped photoconductive 3D diamond UV 
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detector. (a) Substrate preparation; (b) Epitaxial growth; (c) Tungsten electrode deposition; 

(d) Second epitaxial growth. 

Figure 3-7(a) shows the optical image of the three-dimensional structure detector 

fabricated by bottom-up method. It can be seen that the surface morphology of the samples is 

similar to that of the samples in Figure 3-4(b), because the growth conditions of the two 

samples are basically the same. The black stripe area in the figure is the metal electrode area, 

while the white area between the black stripes is the selectively grown diamond area. The 

surface of the diamond area is very smooth, but the surface of the metal area is rough and 

does not have metallic luster. On the contrary, black, red and green colors can be seen. These 

phenomena indicate that chemical reactants are formed on the metal surface. 

 

Figure 3-7 (a) Optical image and (b) SEM image of the three-dimensional diamond UV 

photodetector. (c) Raman spectra of taken from metal region and selective growth region. (d) 

Magnification of the diamond particles.  

Figure 3-7 (b) gives the SEM image of the metal region, from which it can be seen that a 

layer of film has also grown in the metal region. The surface morphology of the film is 

similar to that of diamond film, so it is preliminarily judged to be diamond. In order to 

accurately determine the composition of the film formed in the metal region, Raman 

spectroscopy was used to characterize the film. Figure 3-7 (c) gives the Raman spectra of the 

metal region and selective growth region. For the selective growth region, only the 
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characteristic peaks of diamond exist at 1332 cm-1, which indicates that the quality of the 

selective grown diamond layer is high. For the metal region, there is a diamond characteristic 

peak at 1332 cm-1, which indicates that the film is diamond. Because of the existence of 

diamond film, it can reflect and scatter light, exhibiting many kinds of colors. In addition to 

black and color, there are white bright spots in the metal area. Further enlargement of the 

bright spot area is shown in Figure 3-7 (d). It can be seen that only a small amount of 

diamond nanoparticles exist, while the black pleated material under the diamond 

nanoparticles is tungsten metal. Tungsten metals show metallic luster under a microscope, 

and its surroundings are dark covered by diamond particles, thus producing bright spots. 

After selective growth, hydrogen termination exists on the diamond surface, which will 

affect the IV characteristics. Figure 3-8 shows the IV characteristics of the as-fabricated 

three-dimensional diamond UV photodetector under dark and 210 nm illumination 

conditions. The IV curve is linear, indicating that the contact between metal electrode and 

diamond is ohmic. Therefore the photodetector is photoconductive detector. The dark current 

of the detector is very high, reaching 4.33 mA at 5 V, which indicates that the 

hydrogen-terminated surface of is very conductive. It is noteworthy that the photocurrent is 

lower than the dark current. This means that the device has a poor photoresponse 

performance which is caused by the hydrogen termination.    

 

Figure 3-8 IV characteristics of the as-fabricated three-dimensional UV photodetector under 

dark and 210 nm illumination conditions. 
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Figure 3-9 IV characteristics of the three-dimensional UV photodetector under (a) dark and 

(b) 210 nm illumination conditions after UV-ozone treatment of 10 min, 30 min and 60 min. 

To improve the device performance, UV-ozone treatment was used to change the 

hydrogen termination into oxygen termination. Figure 3-9 (a) and (b) show the dark current 

and photocurrent characteristics of the detector after 10 min, 30 min and 60 min UV-ozone 

treatment, respectively. After 10 minutes of treatment, the dark current of the sample 

decreases rapidly compared with as-fabricated detector. With treating time increases, the 
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dark current further decreases and reach a stable value. This indicates that most surface 

hydrogen termination has been removed after 30 minutes UV-ozone treatment. The 

photocurrent characteristics of the detector are different from those of the as-fabricated 

detector. At 5 V, the photocurrent of the detector treated for 10 min, 30 min and 60 min is 

18.8 µA, 19 µA and 18.2 µA, respectively, which is larger than the dark current of the device. 

This indicates that the removal of hydrogen termination is beneficial to improve the 

photoresponse of the detector. The IV curve under illumination is also linear, indicating that 

the detector is a photoconductive detector. 

Figure 3-10 shows the spectral responsivity of the detector at different voltages, 

displaying similar behaviors except for the value. Under 220 nm illumination, the 

responsivity at 5 V bias is 9.36A/W, and at 10 V bias is 19.88 A/W, which is almost twice as 

much as that of 5 V bias. This is accordance with the characteristics of photoconductive 

detector. At different voltages, the responsivity under visible light is very small, showing a 

typical spectral selectivity. The 220 nm/600 nm UV/visible light rejection ratio at 5V can 

reach 103. It is noteworthy that the detector has a weak responsivity peak in the range of 

370-460 nm, which is caused by the N3 centers in the diamond [35]. The presence of N3 

centers indicates that there is a small amount of nitrogen in diamond, which comes from the 

small amount of nitrogen added during the second growth process. 

 

Figure 3-10 Spectral responsivity of the detector at 5 V and 10 V. 



 

 35 

In order to study the time response of the detector, the detector was irradiated with 

discontinuous light for 60 minutes. The wavelength of the detector was 220 nm and the bias 

voltage was 3 V. Figure 3-11 shows the current-time curve of the detector. In the absence of 

light, the current of the device is low. When illumination is applied, the current increases 

rapidly at first, then increases slowly after reaching a certain value, and tends to be saturated 

with time. After removing the optical signal, the current decreases rapidly first, and then 

slowly with time. In the 200 s test time range, the current can not return to the current level 

before the optical signal is applied. The transient response curve is a typical persistent 

photoconductivity phenomenon, which may be caused by some defects in diamond, such as 

N3 center. These defects can capture carriers and slow down the rising and falling time. 

Nevertheless, the detector still has good time response repeatability, as shown in the 

illustration in Figure 3-4. 

 

Figure 3-11 Time response of the detector under 220 nm illumination. The light power 

density is 222 μW/cm2, and the applied bias is 3 V. 

In the process of ultraviolet ozone, the dark current of the detector decreases by default 

due to the removal of surface hydrogen terminals. But another possible reason is the 

oxidation of electrode materials. In order to determine whether the oxidation of the electrode 

material leads to the decrease of conductivity, we tested another detector with defective 

electrode pattern. The optical morphology of the detector is shown in Figure 3-4(a). The 

detector was treated by 10 min, 20 min and 30 min UV-ozone, 40s and 60s induction ion 
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coupled oxygen plasma etching, and 1 h sulfuric acid/nitric acid mixture boiling at 250 ℃, 

sequentially. After each step, the resistance of the same electrode pad and the current 

between the two electrode pads were measured. The results are shown in Figure 3-12. As can 

be seen from the figure, the resistance between the same electrode pad is very small. Before 

acid treatment, the resistance value is around 53 Ω, which indicates that the electrode 

material can maintain good conductivity under ultraviolet ozone and oxygen plasma 

environment, thus eliminating the reason for the reduction of conductivity caused by 

oxidation of the electrode material. After acid treatment, the resistance of the electrode 

increases slightly to 66 Ω, and the good conductivity is maintained. The results show that the 

electrode has a good stability after selective growth. 

 

Figure 3-12 The electrode resistance, dark current and photocurrent under 220 nm light at 5 

V versus different treatment time. UV-ozone treatment, oxygen plasma treatment and acid 

corrosion treatment were sequentially applied. 

Figure 3-12 also shows the dark current and 220 nm photocurrent of the detector at 5V. As 

can be seen from the figure, the changing trend of dark current and photocurrent is the same, 

and there are two decreasing steps. The first decrease step occurs after 10 minutes of 

UV-ozone treatment, which is due to the removal of surface hydrogen termination, thus 

reducing the conductivity of the device. Because the oxygen-terminated surface will not 

change after the removal of hydrogen termination, the current value will not change 

significantly with the prolongation of UV-ozone treatment time. The second decrease step 
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occurs after the 40 s oxygen plasma treatment, which is caused by the change of oxidation 

mode. Some work has shown that when the hydrogen-terminated diamond surface is treated 

by UV-ozone, the hydroxyl (-OH) group is produced by the combination of oxygen and 

hydrogen to oxidize the diamond surface [57,58]. However, in the process of oxygen plasma 

treatment, the diamond surface will be etched, and then the -OH group can be completely 

removed. In this way, under the condition of oxygen-rich ions, the carbon hanging bond on 

the surface will combine with oxygen to form the C-O bond, so that the oxygen-terminated 

surface of diamond is mainly C-O group [59]. No matter which oxidation method is used, 

there is a clear contrast between the photocurrent and the dark current of the device. 

In addition to the good stability of the electrode, the bottom-up method has another 

advantage that the device can automatically form ohmic contact during the growth process. 

The IV curve of the detector is linear whether the electrode pattern is complete or not, 

indicating that the tungsten/oxygen-terminated diamond forms ohmic contact. The results 

show that some changes have taken place in the interface at tungsten/oxygen-terminated 

diamond interface during the growth process. Figure 3-13 (a) shows the surface morphology 

of the detector after boiled in acid mixture for 1 hour. Compared with 3-4 (a), the metal 

region loses the white metallic luster and becomes gray. This is because the 

tungsten/diamond interface is exposed after the tungsten is dissolved by acid. However, 

some other substances exists at the interface and dissolve slowly in acid, so they can remain 

after 1 h corrosion. Raman spectroscopy was used to measure the metal region before and 

after acid treatment. The results are shown in Fig. 3-13 (b). There is no Raman peak in the 

pad area before acid treatment because the presence of tungsten prevents the laser from 

reaching the tungsten/diamond interface. After acid etching for 1 hour, tungsten metal 

dissolves in large quantities and exposes tungsten/diamond interface. At this time, two 

Raman peaks appeared in the Raman spectrum, located at 1353 cm-1 and 1595 cm-1, 

respectively. These two peaks are produced by graphite. 1353 cm-1 is caused by the size 

effect of graphite. Its small or large grain boundaries activate the A1g mode of the lattice to 

produce Raman peaks [60]. The peak of 1595 cm-1 displaces 15 cm-1 shift compared with G 

peak of 1580 cm-1 for graphite, which may be caused by the insertion of tungsten atoms into 

graphite layer [61,62]. The results show that tungsten induces graphitization of the interface 

during the growth process, which changes the contact between tungsten and 

oxygen-terminated diamond from Schottky contact to ohmic contact. Therefore, bottom-up 

method can effectively fabricate three-dimensional UV photodetectors with high 
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responsivity and good electrode stability, and metal-diamond contact can also form ohmic 

contact, eliminating annealing process. 

 

Figure 3-13 (a) Optical image of the detector after boiled in acid mixture for 1 hour. (b) 

Raman spectra of the metal region before and after acid dissolving. 

3.4 Groove-shaped photoconductive three-dimensional diamond UV 

detector 
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In the study of photoconductive detectors, we find that bottom-up growth method can 

introduce impurities and defects in selective epitaxial diamond films. Although these defects 

can increase the responsivity of detectors, they also cause persistent photoconductivity and 

large dark current. In order to suppress the dark current and improve the time response 

characteristics, we have developed a three-dimensional photovoltaic structure detectors 

based on bottom-up method. 

 

Figure 3-14 Fabrication process of the groove-shaped photovoltaic 3D diamond UV detector. 

(a) Substrate preparation; (b) Epitaxial growth; (c) Half tungsten electrode deposition; (d) 

Second epitaxial growth; (e) UV-Ozone treatment; (f) Another Half tungsten electrode 

deposition. 

Figure 3-14 is the fabrication process of the photovoltaic three-dimensional diamond UV 

photodetector. The substrate is 3 mm×3 mm×0.3 mm HPHT Ib-type (100) oriented single 

crystal diamond. After acid, alkali and organic cleaning, a thin diamond epitaxial layer was 

grown on the substrate, as shown in Figure 3-14(a) and (b). The total flow rate of reaction 

gas is 500 sccm, the ratio of CH4 to H2 is 1%, the process pressure, growth temperature and 

microwave power are 13 kPa, 900 ℃ and 1 kW, respectively, and the thickness of epitaxial 

layer is 300 nm. After growth, the diamond sample was heated for 1 hour at 250 ℃ in the 

sulfuric acid/nitric acid mixture to remove the hydrogen termination. Next, half 

interdigitated W electrodes pattern was prepared on the epitaxial layer surface by using 

photolithography, magnetron sputtering deposition and lift-off technology, as shown in 
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Figure 3-14(c). After the electrode pattern was prepared, the sample was put into MPCVD 

chamber again for the second epitaxial growth, as shown in Figure 3-14(d). The secondary 

epitaxial growth condition is: CH4/H2=4%, total flow rate of reaction gas 500 sccm, substrate 

temperature 1000 ℃, pressure 13 kPa, thickness of epitaxial layer 500 nm. After the second 

growth, the surface was treated by UV-ozone for 30 minutes, and the hydrogen termination 

on the surface was transformed into oxygen termination, as shown in Figure 3-14(e). Finally, 

the other half of the interdigitated electrodes was fabricated on the secondary epitaxial layer 

using photolithography, magnetron sputtering and lift-off process, as shown in Figure 3-14(f). 

Then, a groove-shaped photovoltaic three-dimensional diamond UV photodetector was 

obtained, as shown in Figure 3-15. For comparison, we also fabricated photoconductive 

detectors on the same diamond. 

 

Figure 3-15 Optical image of photovoltaic detector and photoconductive detector. 

Figure 3-16(a) gives the SEM image of the electrode structure of photovoltaic 

three-dimensional structure detector, in which the black area is secondary epitaxial diamond 

film, the white electrode is ohmic electrode, and the gray electrode is Schottky electrode. It 

can be seen that the electrode pattern is complete, which shows that the photovoltaic detector 

has been fabricated well. Figure 3-16(b) shows the interface between the metal region and 

the selective growth region after secondary epitaxial growth. The surface of secondary 

epitaxy diamond film is smooth, and the side wall is vertical and also smooth, which 

indicates that the optimization of selective growth process is successful. Compared with the 

smooth surface of diamond, the metal surface is rough and there are many particles. These 
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particles are formed by hydrogen plasma etching of tungsten metal during growth. In this 

study, tungsten thin films are relatively thick, so there is no diamond film grown on tungsten 

surface, only a few diamond nanoparticles are formed. 

 

 

Figure 3-16 (a) SEM image of the three-dimensional photovoltaic detector. (b) A 

magnification of the interface between the metal region and the selective growth region. 

Figure 3-17 shows the IV characteristics of the three-dimensional photovoltaic and 

photoconductive detectors in dark condition. The IV curve of the photoconductive detector is 

linear. The IV curve of the photovoltaic detector is different from that of the photoconductive 
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detector, which shows obvious rectification characteristics. Under positive voltage, the dark 

current of the device is very low, while under negative voltage, the dark current of the device 

is relatively small before the start voltage and increases rapidly after the start voltage. The 

dark current of photovoltaic detector under positive voltage is much smaller than that of 

photoconductive detector. At 10 V, the dark current of photoconductive detector is 2.37 A, 

while that of photovoltaic detector is only 14.2 pA, which reduces by five orders of 

magnitude. Therefore, the dark current can be effectively reduced by using photovoltaic 

devices. Under negative voltage, the dark current of photovoltaic detectors increases rapidly 

after opening, and finally approaches the dark current of photoconductive detectors. 

 

Figure 3-17 Dark IV characteristics of photovoltaic and photoconductive 3D UV detectors. 

The photovoltaic detector is actually a Schottky photodiode, and it can be judged to be 

p-type through the IV curve. This indicates that acceptor doping exists in secondary epitaxial 

diamond. For Schottky diodes, the thermal electron emission model can be used to fit the IV 

curve, so as to extract the barrier height and ideal factor. Under the thermal electron emission 

model, the relationship between current and voltage is [63]: 

2I * e e
sB q V IRq

kT nkTAA T
 


（ ）

                    （3-1） 

where A is the effective area of the device (0.0019 cm2), A* is the Richardson constant (84 
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cm-2K-2), V is the forward bias, T is the absolute temperature (300 K), q is the electron 

charge quantity (1.6×10-19 C), ϕB is the Schottky barrier height at 0 V, K is the Boltzmann 

constant (1.6×10-23 J/K), n is the ideal factor, and Rs is the series resistance. According to 

S.K. Cheung et al. [64], formula (3-1) can be rewritten by using current density J (J=I/A): 
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                    （3-2） 

In the formula, β=q/kT. Formula (3.2) with respect to J differential, then we get: 
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                       （3-3） 

Therefore, dV/d (lnJ) is a linear function about J. The image of the function is a straight line, 

the slope is RsA, and the intercept on the Y axis is n/β. From the value of the intercept, the 

ideal factor can be calculated. Define a function H (J) and satisfy the following relationship: 
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                （3-4） 

It can be seen that H (J) is also a linear function about J. Its function image is straight line, 

and the intercept between H (J) and Y axis is nϕB. The barrier height of Schottky electrode 

can be obtained by the intercept value and the calculated ideal factor n. Figure 3-18 (a) gives 

the function image of dV/d (lnJ) about J. Linear fitting of the data shows that the intercept is 

0.128 V, so the value of n is calculated to be 4.95. Figure 3-18 (b) gives the function image 

of H (J) about J. Fitting the data, the intercept is 5.47 V, so the value of ϕB is 1.11 V. 

  

Figure 3-18 Analysis of Iv characteristics: (a) dV/dlnJ and (b) H vs current density. 
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Figure 3-19 shows the capacitance-voltage (C-V) characteristics of photovoltaic detectors. 

For Schottky diodes, the formula for calculating capacitance is C=Aεdiamondε0/W [65]. In the 

formula, εdiamond is the relative dielectric constant of diamond with a value of 5.7, ε0 is the 

vacuum dielectric constant 8.85×10-14 F/cm, and W is the width of the depletion zone. When 

the voltage is smaller than 0 V, the device is in the reverse bias state. With the increase of the 

reverse bias voltage, the width of the depletion zone will increase, so the capacitance value 

decreases monotonously. When the voltage is larger than 0 V, the device is in a positive bias 

state. With the increase of the positive bias voltage, the width of the depletion zone decreases, 

so the capacitance increases monotonously. When the positive bias voltage is greater than the 

open voltage, the diffusion capacitance gradually occupies the dominant position, and the 

capacitance value will decrease. According to the formula, the width of depletion zone at 0 V 

is calculated to be 4.31 µm.  

 

Figure 3-19 C-V characteristics of the photovoltaic detector at RT and 10 kHz. 

Figure 3-19 also shows the C-2-V curve. In the range of 1.5 V to 2.5 V, the C-2 increases 

linearly with the increase of voltage, indicating that the capacitance width in the depletion 

region decreases. The acceptor concentration of NA in the selective grown diamond layer can 

be obtained by using the C-2-V characteristics in this region. For Schottky diodes, the 

expression of capacitance in the depletion region is [66]: 

0
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where V0 is the intercept between the linear part of the C-2-V curve fitting line (dotted line in 

Figure 3-19) and the V axis. From the expression (3-5), it can be seen that the slope of the 

fitting line is related to NA: 

2

0

2
Slope

diamond Aq N A 
                       （3-6） 

Through linear fitting, the slope is 6.68×1023 F-2/V, then the NA is calculated to be 3.71×1013 

cm-3. The acceptor concentration is also the effective carrier concentration in the diamond 

film, which is much higher than the intrinsic carrier concentration, so the dark current of the 

detector is larger. The dark current can be effectively suppressed by using photovoltaic 

structure to make the device work in the reverse bias state, as shown in Figure 3-17. 

Figure 3-20 shows IV characteristics of the photovoltaic detector at reverse bias under 

dark condition and 210 nm illumination. The reverse bias dark current is non-linear and 

saturated at a small voltage. When 210 nm light is applied, the photocurrent increases 

linearly with the increase of voltage. At 10 V, the photocurrent value is 24.1 pA, which is 17 

times of the dark current. The light/dark current ratio of photoconductive detectors is only 9 

at 10V, so photovoltaic detectors have higher light/dark current ratio. 

 

Figure 3-20 IV characteristics of the photovoltaic detector at reverse bias under dark 

condition and 210 nm illumination. 

Figure 3-21 shows the spectral responsivity of the photovoltaic detector. It can be seen 
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that the device has obvious selectivity between UV and visible light. Under 10 V bias, the 

responsivity of the device reaches the maximum of 3.71 mA/W at 215 nm, and the 215 

nm/400 nm UV/visible rejection ratio is 371. For photoconductive detectors, the 215 nm 

wavelength responsivity is 276 A/W at 10 V, and the 215-nm/400-nm UV/visible rejection 

ratio is 276. Thus, although the response of photovoltaic detectors is low, the rejection ratio 

of photovoltaic detectors is higher than that of photoconductive detectors. This is because the 

Schottky diode has a depletion region in the reverse bias state, which can inhibit impurity 

response. 

 

Figure 3-21 Spectral responsivity of the photovoltaic detector at 10 V. 

Figure 3-22 shows the transient response of photovoltaic and photoconductive detectors 

under 5 V and 210 nm illumination. The rising time is the time needed for the detector 

current to rise from 10% to 90% of the stable value, and the falling time is the time needed 

for the detector current to decrease from 90% to 10% of the stable value. After removing the 

optical signal, the current of the photoconductive detector decreases rapidly and then slowly, 

and can not decrease to 10% of the maximum current within 10 seconds, indicating that the 

continuous photoconductivity phenomenon is serious. However, photovoltaic detectors are 

different. After removing the optical signal, the current value decreases rapidly, and the drop 

time is 590 ms. The results show that the photovoltaic structure is beneficial to suppress the 

persistent photoconductive effect of the device. 
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Figure 3-22 Transient response of (a) photovoltaic and (b) photoconductive detectors under 5 

V and 210 nm illumination. 

In a word, the photovoltaic structure can effectively reduce the dark current, improve 

the UV/visible light rejection ratio and shorten the decline time of the device in the bias state. 

Although the responsivity of the device is low, it can make the device work in a positive bias 

state without requiring fast response and only responsivity, so as to obtain a larger optical 
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response. 

3.5 Summary 

In this chapter, a bottom-up method for fabricating three-dimensional diamond grooved 

ultraviolet detectors is proposed for the first time. In the experiment, the metal interdigital 

electrode was fabricated on the surface of the diamond epitaxial layer, and then the grooved 

three-dimensional ultraviolet detector was obtained by selective growth in the diamond area 

which was not covered by metal. The detector is a photoconductive detector with dark 

current of 4.74 µA at 5V, responsivity of 9.36 A/W at 220 nm and UV/visible light rejection 

ratio of 103. To solve the problem of large dark current and slow response of the 

photoconductive detector, we fabricated photovoltaic three-dimensional ultraviolet detectors 

by bottom-up method. The dark current of the photoconductive detector is five orders of 

magnitude lower than that of the photoconductive detector, and the decay time is 590 ms, 

which is much shorter than the response time of the photoconductive detector.
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4  Quasi-one-dimensional diamond UV photoetector 

4.1 Introduction 

The transmission of electrons in semiconductors mainly considers two characteristic 

lengths: the average free path of electrons (λMFP) and the diffusion length of electrons (λDL) 

[67]. The average free path of electrons is the average length of the free movement of 

electrons before collision. When the average free path of the electron is larger than the size 

of the medium through which the electron passes, the ballistic transport can be realized. 

When an electron changes its motion only when it collides with a medium boundary in a 

two-dimensional or one-dimensional material, the electron transport is considered to be 

one-dimensional (1D) or two-dimensional (2D), as shown in Figure 4-1.  

 

Figure 4-1 Carrier transport modes is related to material size [67]. 

The second characteristic length is the electron diffusion length, which is the average 

distance that the electron can move before recombining with the hole. When the electron 

diffusion length is larger than the size of the transmission medium, the motion of the electron 

changes when it collides with the boundary of the medium, resulting in anisotropic 

trajectories. Because of these collisions, electron transmission will be guided to an 
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unrestricted direction, and electrons can travel a long distance in that direction before 

recombination. When the size of the medium is smaller than the electron diffusion length in 

one direction, it is quasi-two-dimensional (Q2D) transport; when the size of the medium is 

smaller in two directions, it is quasi-one-dimensional (Q1D) transport. If the size of the 

medium is larger than the electron diffusion length, then the motion of electrons in the 

medium is not limited by the physical size, and it is a three-dimensional transport mode 

(3D). 

In recent ten years, one-dimensional or quasi-one-dimensional structures have been 

widely studied in ultraviolet detectors. When the physical size decreases, besides the carrier 

transport changes, the material also has some unique optical, magnetic and mechanical 

characteristics. At present, many materials can be fabricated into one-dimensional nanowires, 

which can be applied to ultraviolet detectors, such as ZnO, Ga2O3, and TiO2, greatly 

improving the responsivity of devices. However, for diamond, there are no reports of direct 

synthesis of nanowires, only by etching. Electron beam lithography is needed to fabricate 

diamond nanowires with high cost. On the contrary, its quasi-one-dimensional structure is 

relatively easy to realize. 

The average electron free path is related to the momentum relaxation time (τm) and the 

average drift velocity (υ) λMFP=υτm. Generally, the momentum relaxation time is about tens 

of femtoseconds [68,69], and the average drift velocity of CVD diamond is about 107 cm/s 

[70]. Therefore, λMFP is less than several nanometers. The length of diffused electron lambda 

λDL is related to diffusion coefficient (Dn) and electron lifetime (τn) [67]: 
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For CVD single crystal diamond, the product of μnτn is about 10-3 cm2/V [71], then the 

calculated value of lambda λDL is about 50 µm. This means that the quasi-one-dimensional 

transmission of diamond materials can be realized on the µm scale. 

    In the research of three-dimensional structure diamond ultraviolet detectors with 

grooved electrodes, the size of materials is relatively large, and the X and Y directions are 

not limited by the size of materials, so the carrier transport belongs to three-dimensional 

transport. In this study, in order to realize Q1D transport, we changed the way of setting the 

electrodes to perpendicular to the diamond strip, as shown in Figure 4-2. In this way, the 

carrier movement in the side wall direction of the diamond strip is limited, and the 

movement of the upper surface and the lower interface is limited. Under the applied electric 
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field, the carrier can only travel along the direction of the diamond strip. When the size of 

diamond strip is very small, Q1D transportation can be realized. 

 

Figure 4-2 Diagram of quasi-one-dimensional design for diamond detector. 

4.2 Effect of inductively coupled plasma etching on surface 

morphology 

In the fabrication of Q1D structure detectors, etching technology is needed to fabricate 

diamond strips. Inductively coupled plasma (ICP) etching is a common used etching 

technology with many advantages. ICP has two RF sources, the upper RF source is used to 

excite plasma, and the lower RF source forms negative bias. In this case, the bias of the 

upper RF source can be increased to produce more plasma. In this way, the lower RF source 

can achieve a higher rate of etching even if the bias voltage is small. At the same time, due 

to the low bias of the lower RF source, the bombardment effect on the surface is smaller, and 

more chemical reactions occur, which makes the surface damage smaller. Therefore, this 

chapter uses ICP etching method to prepare diamond strips. The equipment used is 

RIE-200iP etching system of SAMCO Company in Japan, as shown in Figure 4-3. 
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Figure 4-3 ICP machine used in the experiment. 

 

Figure 4-4 Diamond morphology after ICP etching with upper RF power of (a) 100 W and (b) 

200W. 

In order to obtain better a good etching surface, we optimize the ICP etching process. 

Firstly, the influence of the upper RF source is studied. In the experiment, the power of the 

lower RF source is 200 W, the oxygen flow rate is 90 sccm, the working pressure is 10 Pa, 

the power of the upper RF source is 100 W and 200 W, and the etching time is 30 min. 

Figure 4-5 shows the diamond morphology after ICP etching. It can be seen that the 

verticality of etched steps is very good under both conditions. However, the surface 

roughness of the two surfaces has changed. At 100 W, the diameter of the surface 
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nano-column after etching is small, but at 200 W, the diameter of the surface nano-column 

after etching is large. Therefore, 100 W power of upper RF source is suitable. 

After selecting the power of the upper RF source, the power of the lower RF source is 

optimized. The diamond was etched for 30 minutes at 100 W power of the upper RF source, 

90 sccm oxygen flow rate, 10 Pa working pressure and 100 W power of the lower RF source. 

Figure 4-5 shows the diamond morphology after ICP etching. It can be seen that compared 

with the diamond morphology etched by 200 W power of lower RF source (Figure 4-5a), the 

verticality of the step is worse, but the surface becomes smoother and the structure of 

nano-column is much less. Therefore, 100 W power is suitable for the lower RF 

source.

 

Figure 4-5 Diamond morphology after 100 W lower RF power etching. 

In order to obtain good verticality, it is necessary to optimize the working pressure. The 

diamond was etched at working pressure of 6 Pa, 8 Pa, 10 Pa and 12 Pa for 30 minutes with 

100 W power of the upper RF source, 90 sccm oxygen flow rate, and 100 W lower of the 

lower RF source. It can be seen that at 6 Pa and 10 Pa working pressure, the verticality of 

etching step is poor, and the step wall is rough. When the working pressure is 8 Pa and 12 Pa, 

the verticality of the step is better and the wall of the step is smooth. Although the step is 

smoother at 12 Pa, there are a lot of nanocones on the etched surface, while there are fewer 

nanocones at 8 Pa, so the working pressure of 8 Pa is more suitable. 
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Figure 4-6 Morphology of diamond strip etched at different working pressure: (a) 6 Pa; (b) 8 

Pa; (c) 10 Pa; (d) 12 Pa. 

4.3 Q1D single crystal diamond UV photodetector without surface 

recovering 

4.3.1 Experiment 

With the optimized ICP etching process, Q1D single crystal diamond UV photodetectors 

can be fabricated and the fabrication process is shown in Figure 4-7. The substrate was 3 

mm×3 mm×0.3 mm HPHT IIa-type (100) oriented single crystal diamond. After acid, alkali 

and organic cleaning, about 210 nm thick high quality single crystal diamond epitaxial layer 

was grown on the substrate through MPCVD method, as shown in Figure 4-7(b). The 

parameters of the epitaxial growth were as follows: the total flow rate of reaction gas is 500 

sccm, the ratio of CH4 to H2 is 1%, the process pressure, growth temperature and microwave 

power are 13 kPa, 900 ℃ and 1 kW, respectively. After the growth, the diamond samples 

were heated for 1 hour at 250 ℃ in the sulfuric acid/nitric acid mixture to remove the 

hydrogen termination on the surface. Next, titanium strip arrays were prepared on the 
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epitaxial layer surface as masks by using photolithography, magnetron sputtering and lift-off 

technology, as shown in Figure 4-7(c). The width of titanium strip is 10 µm, the spacing is 5 

µm and the thickness is 100 nm. 

After the mask pattern is prepared, the surface of diamond epitaxial layer was etched by 

ICP, as shown in Figure 4-7(d). The process parameters of ICP are as follows: the power of 

the upper RF source is 100 W, the power of the lower RF source is 100 W, the oxygen flow 

rate is 90 sccm, the working pressure is 8 Pa, and the etching depth is about 200 nm. After 

etching, titanium masks were removed by 15% hydrofluoric acid. After removing the mask, 

the sample is cleaned and the diamond strip array is obtained, as shown in Figure 4-7(e). The 

diamond strip has a width of 10 µm and a thickness of 200 nm. Its size is between the 

electron diffusion length and the average electron free path of diamond. In this case, 

one-dimensional electron transport along diamond strips can be realized. Finally, Q1D UV 

photodetectors were fabricated by setting electrodes in the direction perpendicular to the 

diamond strip through photolithography, electron beam evaporation coating and lift-off 

technology, as shown in Figure 4-7(f). The electrode material is Ti/Au with a thickness of 

30/120 nm and a width of 5 µm. In this experiment, a number of electrode spacing are set up, 

which are 10 µm, 20 µm and 30 µm respectively. Meanwhile, planar structure detectors with 

the same electrode spacing were prepared on the same sample for comparison. 

 

Figure 4-7 Fabrication process of the Q1D diamond UV photodetector 

After the fabrication of the device, we observed its surface morphology by optical 
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microscopy and SEM to determine whether the Q1D structure was successfully fabricated. 

The photoelectric performance of the device was tested by Agilent B1505A power device 

analyzer. The incident light is 1000 W Xe light which is divided into monochrome light by a 

monochrometer. The optical power of incident light is measured by commercial ultraviolet 

enhanced silicon detectors. 

4.3.2 Results and discussions 

Figure 4-8 shows the photo of a quasi-one-dimensional structure detector with an 

electrode spacing of 10 µm. In the figure, the white strip is Ti/Au electrode, the black strip is 

ICP etched groove, the gray strip between the black strip is diamond strip, and the metal strip 

is orthogonal to the diamond strip. It can be seen that the diamond strips are parallel to each 

other and the boundary is clear, which indicates that ICP etching transfers the mask pattern 

to the diamond well. The metal electrodes are also very complete, indicating that the 

preparation process is very mature. 

 

Figure 4-8 Optical image of a Q1D diamond UV photodetector with 10 µm electrode space. 

Figure 4-9 shows the SEM image of a Q1D diamond UV photodetector with 20 µm 

electrode space. The white strip in the horizontal direction is the metal electrode strip, and 

the gray strip in the vertical direction is the diamond strip. It can be seen that the electrodes 

and diamond bars intersect vertically, similar to those observed in optical photographs. The 

side wall of the electrode strip is very vertical, and many contour boundaries are not 

observed. The grooves between the diamond strips are etched by ICP. The surface of the 
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grooves is very smooth and there are only a few nano-cone structures, which indicates that 

the optimized ICP process can be well applied to the structural etching of diamond. 

 

Figure 4-9 SEM image of a Q1D diamond UV photodetector with 20 µm electrode space. 

Figure 4-10 shows the dark current characteristics of planar and Q1D detectors with 

different electrode space. For planar detectors, the dark current is very low, less than 200 fA 

at 5 V, and the value of dark current has little relationship with the distance between 

electrodes. This is because the intrinsic diamond resistivity is very large, even if the 

electrode space is only 10 µm, the resistance is still very large, so the dark current will be 

very low. In this test, the value of dark current is close to the detection limit of the instrument, 

so when the distance between electrodes increases, the accurate value of current can not be 

measured effectively. Compared with planar structure detector, the dark current of Q1D 

structure detector is larger, but it is still very small. At 5 V, the maximum dark current is less 

than 2 pA. The dark current of Q1D detector is related to the distance between electrodes. 

The maximum dark current is at 10-µm distance and the smallest is at 30-µm distance. The 

change of dark current of Q1D detector indicates that ICP etching introduces some surface 

states or defects on the surface, which generate additional surface conductance, thus 

increasing the dark current of the device. Assuming that the surface conductivity is constant, 

the resistance increases with the increase of electrode space, so the dark current decreases 
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with the increase of electrode space. 

 

Figure 4-10 IV characteristics of Q1D and planar detectors in dark condition with different 

electrode space. 

Figure 4-11 shows the IV characteristics of Q1D and planar detectors under 210 nm 

illumination at different space. The photocurrent of planar or Q1D detectors at 210 nm 

wavelength is much larger than that of dark current, which indicates that the detectors have 

good photoresponse performance. For planar detectors, the photocurrent at 20 µm space is 

the largest. The photocurrent of Q1D detectors increases with the increase of electrode space. 

This is because the carrier of Q1D detector is limited to transport along the direction of 

diamond strip. With the increase of electrode space, the area of photosensitive region 

increases, which makes the photoelectric current of the device larger. Carrier transport of 

planar detectors is not limited, and the probability of carrier recombination before being 

collected by electrodes is higher, especially when the distance between electrodes is larger, 

so the photocurrent at 30 µm distance is less than that at 20 µm distance. Another reason is 

the difference of electric field intensity. At the same voltage, the electric field intensity 

between the electrodes of the detector with 30 µm space is less than that of the detector with 

20 µm space, which also results in low photocurrent. 
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Figure 4-11 IV characteristics of Q1D and planar detectors under 210 nm illumination at 

different electrode space. 

It also can be observed that the photocurrent of Q1D detector is lower than that of planar 

detector when the distance between electrodes is 10 µm and 20 µm, and the photocurrent of 

Q1D detector is higher than that of planar detector when the distance between electrodes is 

30 µm. This is due to the balance between surface defect recombination and the increase of 

effective area in the photosensitive region. Surface defects trap photo-generated carriers and 

cause the decrease of photocurrent. The increase of the effective area of the photosensitive 

region results in more carriers and improves the photocurrent of the device. When the space 

is small, the increasing effect of carriers in the photosensitive region is weaker than the 

decreasing effect of carrier trapped by surface defects, so the photoelectric current of Q1D 

detector is lower than that of planar detector. However, with the increase of the space, the 

effective area of the photosensitive region increases, and the carrier increasing effect 

becomes stronger, which will reduce the gap between the photocurrent of the Q1D detector 

and the planar detector, so the gap between the photocurrent of the Q1D detector and the 

planar detector will decrease at 20 µm space. When the carrier increasing effect in the 
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photosensitive region exceeds the surface capture carrier decreasing effect, the photoelectric 

current of the Q1D detector will exceed that of the planar detector. This shows that the Q1D 

can improve the collection ability of photo-generated carriers at a larger electrode space. In 

addition, it should be noted that the effective photosensitive volume of Q1D detector is 

smaller than that of planar detector due to etching grooves, which means that the number of 

photo-generated carriers is lower than that of planar detector. However, the photocurrent of 

the Q1D detector can still exceed that of the planar detector, which further proves that the 

photonic carrier collection ability of the Q1D detector is better than that of the planar 

detector. 

Table 4-1 gives the light to dark current ratio and net photocurrent values of Q1D structure 

detector and planar structure detector at 5V. It can be seen that the planar structure detector 

has the highest net current at 20 µm space and the maximum light-dark current ratio, while 

the Q1D structure detector has the highest net current and light-dark current ratio at 30 µm 

space. The light to dark current ratio of planar structure detectors is higher than that of Q1D 

structure detectors, which is due to the high dark current and low photocurrent caused by 

surface defects. 

Table 4-1 Comparison of Q1D and planar detectors under 5V. 

Figure 4-12 shows the curves of net photocurrent with electric field for Q1D structure 

detector and planar structure detector. The electric field intensity is simply obtained by 

dividing the bias voltage by the distance between the electrodes. Under the same electric 

field intensity, the net photocurrent of Q1D detector still increases with the increase of 

electrode space, and the net photocurrent of planar structure detector basically compounds 

this rule. The responsivity of the detector is obtained by dividing the net photocurrent by the 

optical power, so the responsivity of the detector with Q1D detector at 30 µm space is the 

Sample 
Dark current 

(pA) 

210 nm current 

(pA) 

210 nm/dark 

current ratio 

Net current 

(pA) 

Planar-10 µm 0.14 15.1 107.8 14.96 

Planar-20 µm 0.15 17.8 118.7 17.65 

Planar-30 µm 0.15 15.9 106 15.75 

Q1D-10 µm 1.86 13.3 7.2 11.44 

Q1D-20 µm 0.95 17.1 18 16.15 

Q1D-30 µm 0.69 18.7 27.1 18.01 
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largest. This shows that the Q1D structure can improve the responsivity of the device. 

 

Figure 4-12 shows the curves of net photocurrent with electric field for Q1D structure 

detector and planar structure detector. 

4.4 Q1D single crystal diamond UV photodetector with surface 

recovering 

The large dark current of as-fabricated Q1D detector can be attributed to surface defects 

induced in ICP process, which could further affect the photoelectric response performance of 

devices. In order to solve this problem, we use MPCVD method to repair defects. 

At first, the as-fabricated detectors were heated for 30 minutes at 80 ℃ in aqua regia to 

remove Ti/Au electrodes. Then, the diamond sample was heated for 2 hours at 250 ℃ in 

acid solution with 1:1 volume ratio of sulfuric acid and nitric acid to remove non-diamond 

compounds on the surface. Next, a 30 nm thick diamond epitaxial layer was grown by 

MPCVD method on the strip side. The growth conditions were as follows: the total flow rate  

is 500 sccm, the ratio of CH4 to H2 is 1%, the process pressure, growth temperature and 

microwave power are 100 Torr, 900 ℃ and 1 kW, respectively. After growth, the diamond 

sample was heated for 1 h at 260 ℃ in a 1:1 volume ratio mixture of sulfuric acid and nitric 

acid to remove the surface hydrogen terminal. Lastly, Q1D detectors were fabricated on the 
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surface again with the same electrode parameters as that of as-fabricated Q1D detectors. 

Meanwhile, planar detectors with the same electrode space were prepared for comparison. 

 

 

Figure 4-13 SEM images of the structured strips (a) before and (b) after recovering growth. 

Figure 4-13 shows the SEM images of diamond strips before and after second step growth. 

Before second step, although the steps have good verticality, there are nano-column 

structures on the wall of the steps, as shown in Figure 4-13(a). This may be due to the thin 

edge of the metal mask, or even the appearance of holes. In the ICP etching process, the thin 
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edge metal will be etched first, and then the step will be etched further. It is also possible that 

the plasma etches the steps through the holes in the edge metal film to form nano-clusters. 

After second step, it can be observed that the surface of diamond becomes very smooth, as 

shown in Figure 4-13(b). The nano-pillar structure was placed by continuous smooth 

diamond film, which proved that the second step growth has successfully recovered the 

surface defects. 

Figure 4-14 shows the test results of the step profiler. It can be observed that the 

verticality of the step was better before the recovering growth, but there was a turning point 

at the intersection of the step and the groove, which was caused by the different etching rates 

of the groove and the edge of the step. In addition, the curve in the groove area is not smooth 

and zigzag. Each turning point corresponds to a small bump on the surface, and there may be 

a nanoparticle, which is consistent with the surface morphology observed in the SEM image. 

After recovering growth, the verticality of the steps decreases slightly, and the edges of the 

surfaces and steps are no longer sudden changes, but slow transitions. This is the result of 

both vertical and lateral epitaxy growth of the surface. At the junction between the bottom of 

the step and the groove, the turning point disappears, indicating that the vertical direction of 

the step wall becomes more continuous and smooth. In the groove area, the contour curve is 

smooth and the shape of zigzag can not be observed, which indicates that the groove surface 

defect has been repaired successfully. 

 

Figure 4-14 Stepped profile test (a) before and (b) after recovering growth. 

Figure 4-15 shows the IV characteristics of Q1D and planar detectors in dark environment 

after the second step growth. The dark current of planar detector is very low, less than 300 fA 

at 5V, and the shaking range of dark current curve is basically the same at different electrode 
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space. The dark current of Q1D detectors decreased a lot compared with that of as-fabricated 

Q1D detector. The dark current of 10 µm, 20 µm and 30 µm space as-fabricated detectors at 

5V was 1.86 pA, 0.95 pA and 0.69 pA, respectively. After second growth, the dark current of 

Q1D detectors decreased to 0.35 pA, 0.25 pA and 0.2 pA, with a maximum reduction of six 

times. This indicates that the surface defect has been repaired successfully, so the dark 

current decreases. It is noteworthy that the dark current of Q1D detectors is reduced to the 

same level as that of planar detectors. This further proves that surface defects are repaired 

during second epitaxial growth. Unlike planar detectors, the dark current of Q1D detectors is 

still related to the distance between the electrodes, increasing with the decrease of electrode 

space. This indicates that the Q1D device design brings different properties. 

 

Figure 4-15 Dark IV characteristics of Q1D and planar detectors after recovering growth. 

Fig. 4-16 shows the IV characteristics of Q1D and planar detectors under 210 nm 

wavelength illumination at different space after second step growth. The photocurrent of 

planar or Q1D detectors at 210 nm wavelength is much larger than dark current, which 

indicates that the detectors have good photoresponse performance. For planar detectors, the 

photoelectric current at 20 µm space is the smallest, which is different from that before 

second step growth. The current of Q1D detector is similar to that before second step growth, 

and its photocurrent increases with the increase of electrode space. From the characteristics 
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of photocurrent IV, it can be observed that the photocurrent of Q1D detector is larger than 

that of planar detector when the distance between electrodes is 10 µm, 20 µm and 30 µm, 

and the minimum photocurrent of Q1D detector is larger than that of planar detector. The 

results show that surface defect repair plays an important role in improving the performance 

of Q1D detector. After surface defect repair, the photo-generated carriers are no longer 

captured, so the collected photo-generated carriers increase. Because of the unique design of 

Q1D, the photoelectric gain of the device can be improved, so the photoelectric current of 

Q1D detector is much larger than that of planar detector. It should be noted that the effective 

photosensitive volume of Q1D detector is smaller than that of planar detector, which means 

that the number of photo-generated carriers is lower than that of planar detector. However, 

the photocurrent of the Q1D detector can still exceed that of the planar detector, which 

further proves that the photo-generated carrier collection ability of the Q1D detector is better 

than that of the planar detector. 

 

Figure 4-16 IV characteristics of Q1D and planar detectors under 210 nm light illumination 

at different space after second step growth. 

Table 4-2 shows the current comparison between the quasi-one-dimensional structure 
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detector and the planar structure detector after repair growth at 5V. Before repair growth, the 

maximum dark current of quasi-one-dimensional structure detector is only 27, which is 

much smaller than that of planar structure. After repair and growth, the light-dark current 

ratio reached 971, which was 36 times higher than that. At the same time, the light-dark 

current ratio of quasi-one-dimensional structure detector is also higher than that of planar 

structure detector, which proves that repair growth has a significant effect on improving 

device performance. In addition, the maximum net photocurrent of quasi-one-dimensional 

structure detector is twice that of planar structure detector, which indicates that 

quasi-one-dimensional structure is beneficial to improve the photoelectric response 

performance of the device. 

Table 4-2 Comparison of Q1D and planar detectors under 5V after recovering growth. 

It is noteworthy that the photocurrent of Q1D detectors or planar detectors after second 

growth is much larger than that before second growth. This is because non-etched surfaces 

have also been repaired. For UV photodetectors, clean material surface has a crucial impact 

on the performance of the detector, because UV light penetration depth is relatively shallow, 

most carriers are located near the surface. If the material surface is contaminated, it will 

produce a large surface recombination rate, which will reduce the number of 

photo-generated carriers collected by the device. During the preparation of diamond strips, 

Ti metal acts as a mask and deposits on the surface of diamond. In ICP etching process, 

plasma not only bombards Ti, but also heats it, so that chemical reaction or diffusion may 

occur at the interface between metal and diamond, which affects the cleanliness of diamond 

surface. Even if the mask is removed with acid, the diamond surface is still difficult to 

recover to the origin surface. The second growth step can remove these contamination, then 

the surface become clean, leading to a strong photoresponse. Figures 4-17 (a) and (b) show a 

case of diamond surface contamination. The SEM images are diamond surface before and 

Sample 
Dark current 

(pA) 

210 nm current 

(pA) 

210 nm/dark 

current ratio 

Net current 

(pA) 

Planar-10 µm 0.22 85.4 388.2 85.18 

Planar-20 µm 0.22 77.2 350.9 76.98 

Planar-30 µm 0.22 94.2 428.2 93.98 

Q1D-10 µm 0.35 114.6 327.4 114.25 

Q1D-20 µm 0.25 134.4 537.6 134.15 

Q1D-30 µm 0.20 194.2 971.0 194.00 



 

 67 

after titanium dioxide (TiO2) pickling. TiO2 was deposited on diamond surface by magnetron 

sputtering, and then heated for 2 hours in a mixture of 1:1 volume ratio of sulfuric acid and 

nitric acid at 250 ℃. After pickling, the pattern of TiO2 can not be observed under optical 

microscope, but the contour covered by TiO2 can be clearly seen under scanning electron 

microscope.  

 

Figure 4-17 SEM images of diamond surface (a) before and (b) after TiO2 pickling 

Figure 4-19 shows the atomic force microscopy (AFM) morphology of the sample surface 

before and after recovering growth in this experiment. The apparent changes of the sample 

surface can be clearly observed from the AFM images. Before covering growth, there are 

many tips on the surface, but after repair growth, the surface becomes smooth, the number of 
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tips decreases and the sharpness decreases. This shows that recovering growth can also 

repair metal-contaminated diamond surface. It is precisely because the surface of diamond 

becomes clean after recovering growth that the photoelectric response of the material is 

improved. 

   

Figure 4-18 AMF images of unetched diamond surface (a) before and (b) after recovering 

growth. 

Figure 4-19 shows shows the spectral responsivity of Q1D detector and planar detector at 

20 V when the electrode space is 30 µm. In the UV region, the responsivity of Q1D detector 

is higher than that of planar detector. At 215 nm, the responsivity of Q1D detectors reaches 

the maximum of 16.3 mA/W, while that of planar detectors is 7.32 mA/W at 215 nm, which 

means that the responsivity of Q1D detector is 2.2 times higher than that of planar detector. 
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In the visible region, the responsivity of Q1D detector is lower than that of planar detector 

after the wavelength is more than 450 nm. At 400 nm wavelength, the responsivity of Q1D 

detector and planar detector are 2.45 µA/W and 2.27 µA/W, respectively. The UV/visible 

rejection ratios of Q1D detector and planar detector are calculated to be 6.65×103 and 

3.22×103, respectively. Therefore, the Q1D detector not only has a large UV responsivity, but 

also has a high UV/visible rejection ratio. 

 

Figure 4-19 Spectral responsivity of Q1D detector and planar detector at 20 V when the 

electrode space is 30 µm. 

Figure 4-20 shows the time response performance of Q1D detector and planar detector 

after second step growth. The electrode space is 30 µm, the incident light wavelength is 210 

nm, and the optical power density is 0.366 µW/mm2. The photocurrents of the two detectors 

have similar trends with time. When the optical signal is applied, the current of the detector 

increases rapidly to the saturation value; when the optical signal is removed, the current 

drops rapidly to the initial value. The rapid decrease of dark current indicates that there is no 

persistent photoconductivity effect, which discloses that the quality of diamond material is 

good. The rise and fall times of Q1D detectors are 800 ms and 18 ms respectively, while the 

rise and fall times of planar detectors are 1618 ms and 24 ms respectively, which shows that 

Q1D detectors have faster response speed. In addition, the switching current ratio of Q1D 
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detector is 309, while that of planar detector is only 267, which shows that Q1D detector has 

better time response performance.  

 

 

Figure 4-20 Time response performance of (a) Q1D and (b) planar detectors. 

In order to further explore the effect of electrode space on the Q1D detectors, we compare 
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the performance ounder the same electric field intensity. Figure 4-21(a) shows the 

relationship between the responsivity of Q1D detectors at different space and the electric 

field intensity. It can be seen that the responsivity of the detector increases with the increase 

of electric field intensity, and the increasing speed in the UV region (215 nm) is faster than 

that in the visible region (400 nm). In the UV region, the responsivity of the detector reaches 

22.21 mA/W under 16 kV/cm electric field when the electrode space is 30 µm. At low 

electric field intensity, the responsivity of 20 µm space detector is higher than that of 10 µm 

space detector, while at high electric field intensity, the responsivity of 20 µm space detector 

is lower than that of 10-µm space detector. In the visible region, the responsivity of the 

detector decreases with the increase of the electrode space. This indicates that the increase of 

the electrode space can reduce the light response of the device in the visible region. Figure 

4-21(b) shows the relationship between the 210 nm/400 nm UV/visible rejection ratio and 

the electric field at different space of Q1D detectors after second step growth. It can be 

observed that the rejection ratio of the device increases with the increase of electric field 

intensity. In addition, the rejection ratio is also related to the electrode space, which increases 

with the increase of the electrode space. At 16 kV/cm, the rejection ratios of 30, 20 and 10 

µm space detectors are 6.65×103, 3.74×103 and 2.35×103, respectively. The high rejection 

ratio indicates that the device has good spectral selectivity, and the larger the electrode space, 

the better the spectral selectivity of the device. 

 

Figure 4-21 (a) Responsivity at 210 nm and 400 nm and (b) 210 nm/400 nm rejection ratio 

of Q1D detectors with different electrode space dependence on electric field. 

For photodetectors, the responsivity is proportional to the internal photoelectric gain 
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(G). The expression of internal photoelectric gain is as follows: 

2G ( )DL
V

kT L


                           （4-2） 

where V is the bias voltage and L is the electrode space [67]. When the bias voltage and the 

distance between electrodes are constant, the diffusion length determines the internal 

photoelectric gain. In the Q1D transport mode, the carrier diffusion length increases [72]. 

Therefore, under the same electrode spacing and bias voltage, the response of Q1D structure 

detector is higher than that of planar structure detector. At the same time, formula (4-2) can 

also be rewritten as follows: 

2
E

G DL

kT L


                            （4-3） 

where E = V/L is the electric field strength. It can be seen that under the same electric field 

intensity, the larger the distance between the electrodes, the smaller the internal photoelectric 

gain. Therefore, the responsivity of the detector with 20-µm space is smaller than that of the 

detector with 10-µm spacing. But there is another factor to be considered, that is, the 

increase of photosensitive area. At larger electrode space, the number of photogenerated 

carriers is larger, so although the gain is slightly smaller, it can still obtain a larger 

responsivity. 

Figure 4-22 shows the time response of Q1D detectors with different space. The bias 

voltage is 20 V and the light wavelength is 215 nm. The current-time curves under different 

space are similar: when the light signal is applied, the current increases rapidly to its 

maximum value, then decreases slowly; when the light signal is withdrawn, the current value 

decreases rapidly and falls back to its initial value. Under the second light pulse, the 

maximum current of the device is less than that under the first light pulse. The dynamic 

response of the device is different from the static response. The rise time of the device with 

30, 20 and 10 µm space is 105 ms, 430 ms and 470 ms, and the decay time is 25 ms, 20 ms 

and 28 ms, respectively. The rise time of the device decreases with the increase of the 

electrode space, while the decay time is close. In conclusion, the detector has a faster 

response speed at a larger electrode space. 
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Figure 4-22 Time response of Q1D detectors with different space. 

4.5 Summary 

Low-dimensional materials have unique physical properties. In this chapter, the design of 

Q1D structure is applied to single crystal diamond UV photodetectors for the first time, and 

its performance is characterized. Q1D diamond UV detector were obtained by etching 

diamond strips on the surface of diamond and setting the interdigital electrodes 

perpendicular to the direction of diamond strips. Because of the etching defects, the 

as-fabricated detectors have better performance than planar detectors only when the 

electrode spacing is large, and the photocurrent of the detectors is increased by 14.6%. The 

surface defects were repaired by diamond secondary epitaxy technology, and the Q1D 

structure detectors were fabricated again. The photocurrent of the repaired detector is larger 

than that of the planar structure. When the distance between the electrodes is 30 µm, the 

photocurrent even increases by 106%. In addition, the responsivity, UV/visible rejection 

ratio and transient response performance of Q1D structure detector are better than those of 

planar structure detector with the same electrode spacing. The experimental results show that 

the performance of diamond UV photodetectors can be effectively improved by combining 

QiD structure design with secondary epitaxy surface defect repair. 
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5  TiO2/diamond UV photodetector 

5.1 Introduction 

The band gap of diamond is 5.45 eV, and the corresponding cut-off wavelength is 225 nm. 

Therefore, when the wavelength of light is greater than 225 nm, diamond is transparent. 

Therefore it transmits most of the optical signals in the ultraviolet band. In order to expand 

the scope of diamond detectors, diamond and other wide bandgap semiconductors can be 

combined. 

TiO2 is also a kind of broadband gap semiconductor. It has three crystal structures: slate, 

anatase and rutile. The band gap is 2.36 eV, 3.2 eV and 3.0 eV, respectively. Among them, 

the band gap of anatase phase TiO2 corresponds to the boundary between ultraviolet and 

visible wavelength. TiO2 also has excellent photoelectric properties and many studies focus 

on gas sensors, photocatalysis and solar cell applications [73]. In recent years, Huang et al. 

have fabricated TiO2-based photodetectors [74,75] with very low dark current and high 

response by magnetron sputtering. We know that for photodetectors, when the photon energy 

is larger than the bandgap, the responsivity will gradually decrease [76]. Therefore, the 

combination of TiO2 and diamond can not only expand the spectrum detection range of 

diamond, but also improve the responsivity. In this work, we try to deposit TiO2 directly on 

the epitaxial layer of single crystal diamond in order to develop ultraviolet photodetectors 

and study their photoelectric properties. 

5.2 Preliminary study of TiO2/diamond UV photodetector 

5.2.1 Experiment 

Figure 5-1 shows the fabrication process of TiO2/diamond UV photodetector. About 200 

nm undoped single crystal diamond epitaxial layer was grown on 3×3×0.3 mm3 Ib-type 

HPHT diamond substrate by microwave plasma chemical vapor deposition method. The total 

flow rate of H2 and CH4, the ratio of CH4/(H2+CH4), the process pressure, the growth 

temperature and the microwave power were 500 sccm, 0.8%, 80 Torr, 850 ℃ and 800 W, 

respectively. Raman spectrum was used to characterize the quality of the epitaxial layer. 

After growth, the sample was boiled in acid mixture (H2SO4:HNO3=1:1 by volume) at 300℃ 
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for 2 h to change the hydrogen terminated surface to oxygenated surface. 

Half of this epitaxial layer was used to deposit TiO2 by radio frequency magnetron 

sputtering technique. The source material was 3 inches sintered TiO2 ceramic target with the 

purity of 99.99%. The background pressure was as low as 3×10-4 Pa. Ar and O2 were used as 

sputtering gas, whose flow rate were 40 sccm and 20 sccm, respectively. Before deposition, 

the target was cleaned by Ar ion for five minutes. During sputtering process, the power was 

150 W, and the working pressure was 1.2 Pa. The thickness of TiO2 was measured to be 450 

nm. Another half of diamond layer remained as oxygenated surface state. 

 

Figure 5-1 Fabrication process of TiO2/diamond UV photodetector. 

Two W electrodes with a thickness of 100 nm were patterned on TiO2/diamond film using 

radio frequency magnetron sputtering method to fabricate the novel photodetector. The 

electrode width was 1000 μm and the space between electrodes was 200 μm. Thus the total 

active area was 0.2 mm2. Two Pd electrodes with a thickness of 50 nm were patterned on 

diamond film using thermal evaporation method to fabricate traditional diamond 

photodetector. These two electrodes had the same parameters as W electrodes. The I-V 

characteristics of the as-fabricated photodetectors were investigated by Agilent B1505A 

power device analyzer. The optoelectronic properties were evaluated with a Keithley 6487 

picoammeter/voltage source, a 500 W Xe lamp source and a monochromator. The light 
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power at the sample surface was measured by a commercial UV-enhanced Si detector. The 

time response is measured by a KrF excimer laser and an oscilloscope. 

5.2.2 Results and discussion 

The inset in Figure 5-2 shows SEM photograph of the boundary between diamond and 

titanium dioxide. It is obvious that there is a boundary between the diamond surface and the 

titanium dioxide surface, which indicates that the titanium dioxide film is deposited on the 

magnetron sputtered electrode successfully. In order to further determine the composition of 

the film, X-ray photoelectron spectroscopy (XPS) was used to characterize the film. Figure 

5-2 shows the XPS spectra of titanium. Two peaks, Ti 2p1/2 458.8 eV and Ti 2p3/2 464.5 eV, 

can be observed. The difference between the two peaks is 5.7 eV, indicating that the film is 

titanium dioxide [75]. 

 

Figure 5-2 XPS spectrum of Ti 2p. The inset is SEM image of the boundary between 

diamond and TiO2. 

Dark currents of diamond detector and TiO2/diamond detector were investigated and 

shown in Figure 5-3. Both I-V curves are almost linear, showing that W/TiO2 and 

Pd/diamond contacts are both ohmic contacts. The dark current of sample A was measured to 

be 0.5 pA at bias voltage of 4 V. When the bias voltage increased to 30 V, the dark current 

increased slowly to 1.12 pA. For sample B, the dark currents are 1.28 pA and 1.9 pA at 4 V 



 

 77 

and 30 V, respectively. Both detectors show extremely low dark current, which plays an 

important role in lowering the signal to noise ratio [77]. Moreover, the dark currents are 

comparable, indicating that TiO2 film on diamond may not introduce additional leakage 

current path. 

 

Figure 5-3 Dark currents of diamond detector and TiO2/diamond detector 

The photocurrents of diamond detector and TiO2 detector were investigated by using 

UV-light with the parameter of 180 nW/mm2 at 220 nm and 23 μW/mm2 at 340nm, as shown 

in Figure 5-4. Compared with dark currents shown in Figure 5-3, it indicates a significant 

increase of photocurrent in Figure 5-4. For both detectors, photocurrents increase with bias 

voltage increasing, and no saturation phenomenon appears even at 30 V. A possible reason is 

that the electric field is not strong enough to collect all the photo-generated carriers before 

their recombination. Under the illumination of both 340 nm and 220 nm, the photocurrents 

of TiO2/diamond detector are bigger than that of diamond detector, indicating a higher photo 

response. 
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Figure 5-4 Dark currents of diamond detector and TiO2/diamond detector. 

Figure 5-5 shows the responsivity of TiO2/diamond detector varying with the wavelength 

changing under different bias voltages. The photo responsivity shows a decrease tendency 

with wavelength increasing. An obvious rejection ratio between UV and visible light can be 
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observed. When the bias voltage is 10 V, under the illumination of 220 nm, 340 nm and 400 

nm, the responsivity is calculated to be 0.071 A/W, 0.013 A/W and 0.00071×10-4, 

respectively. Thus, the UV-to-visible rejection ratios for 340 nm versus 400 nm and 220 nm 

versus 400 nm are 18 and 100, respectively. When the bias voltage is increased to 30 V, the 

responsivity is evaluated to be 0.2 A/W, 0.048 A/W and 0.0019 A/W, leading to rejection 

ratios of 25 and 105, respectively. This indicates that when the bias voltage increases, the 

responsivity and rejection ratio also increase. The phenomenon is in agreement with the 

unsaturation of photocurrent. When higher electric field is applied, more photo-generated 

carriers can be collected, leading to responsivity enhancement. The detectivities at 220 nm 

and 340nm are 6.57×1010/W and 1.33×1010/W, respectively, indicating good UV detective 

ability. 

 

Figure 5-5 Spectral responsivity of TiO2/diamond detector under different bias voltages. 

 Figure 5-6 shows the spectral response of both detectors at 30 V, which displays the 

difference between TiO2/diamond detector and diamond detector. For diamond detector, 

when the bias voltage is 30V, under the illumination of 220 nm, 340 nm and 400 nm, the 

responsivity is calculated to be 0.13 A/W, 0.02 A/W and 0.0019 A/W, respectively. The 

UV-to-visible rejection ratio for 340 nm versus 400 nm is 11, while that for 220 nm versus 

400 nm is 68. Compared with TiO2/diamond detector, both of the responsivity and rejection 
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ratio are lower. This means that the structure of TiO2/diamond can enhance the detector 

responsivity and rejection ratio.  

 

Figure 5-6 Spectral responsivity of both detectors at 30 V. 

5.3 Effect of TiO2 thickness on TiO2/diamond UV photodetector 

5.3.1 Experiment 

In section 5.2, the film of TiO2 is thick, and the penetration depth of ultraviolet light 

decreases with the shortening of wavelength, so it will affect the ultraviolet light reaching 

the diamond surface. In this section, we will study the effect of TiO2 film thickness on 

detector performance. Firstly, a single crystal diamond film is grown by placing a single 

crystal diamond substrate in the MPCVD cavity. The substrate was made of 3 mm × 3 mm × 

0.3 mm HPHT Ib (100)-oriented single crystal diamond, which was cleaned by acid, alkali 

and organic before growth. The growth parameters of epitaxy layer are as follows: the total 

flow rate of reaction gas is 500 sccm, the ratio of CH4 to H2 is 1%, the process pressure, 

growth temperature and microwave power are 100 Torr, 900 ℃ and 1 kW, respectively, and 

the thickness of epitaxial layer is about 200 nm. After the growth, the diamond samples were 

heated for 1 h at 260 ℃ in a 1:1 volume ratio sulfuric acid/nitric acid mixture to remove the 

surface hydrogen terminal. 
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Using photolithography technology, photoresist masks were prepared on the epitaxial 

layer surface to cover three-quarters of the surface in turn, and TiO2 films were deposited on 

the exposed one-quarter diamond surface. TiO2 was deposited by radio frequency magnetron 

sputtering. The raw material was sintered 3 inch TiO2 ceramic target with 99.99% purity. The 

background chamber pressure of magnetron sputtering is 3×10-4 Pa, the working gas is argon 

and oxygen, and the flow velocities are 40 sccm and 20 sccm, respectively. Before 

deposition, the target is cleaned with argon ion for 5 minutes. In the sputtering process, the 

RF power is 150 W, the working pressure is 1.2 Pa, and the thickness of TiO2 film is 2, 6, 12 

and 18 nm, respectively. 

Finally, tungsten interdigital electrodes with 150 nm thickness were fabricated on the 

surface of TiO2 by photolithography and radio frequency magnetron sputtering, and the 

TiO2/diamond ultraviolet detector was obtained. The width of the electrode is 12 microns, 

the distance between the electrodes is 8 µm, and the total active area is 0.33 mm2. The IV 

characteristics of the detectors were studied by Agilent B1505A power device analyzer and 

monochrome light source system. 

5.3.2 Results and discussions 

Figure 5-7 shows the optical photos of the detectors. It can be seen that the preparation 

process is very successful, and the boundary of the four regions of the titanium dioxide film 

can be clearly seen. 

 

Figure 5-7 Optical image of TiO2/diamond detectors with different TiO2 thickness. 



 

 82 

Figure 5-8 shows the XPS spectra of Ti elements in different TiO2 thickness. At each film 

thickness, there are two peaks of Ti: Ti 2p 1/2 and Ti 2p 3/2. Although the positions of Ti 2p 

1/2 and Ti 2p 3/2 peaks are different, the difference between the two peaks is 5.7 eV or 5.8 

eV for thin films with thickness of 2, 6, 12 and 18 nm, which indicates that the thin films are 

TiO2 thin films. It is found that the positions of Ti 2p 1/2 and Ti 2p 3/2 peaks move towards 

high binding energies with the increase of the TiO2 thickness. This is because the bonding 

energy of TiO2 films deposited on diamond is affected by diamond, which decreases with the 

increase of film thickness, and the bonding energy increases gradually. In addition, the 

intensity of Ti 2p 1/2 and Ti 2p 3/2 peaks also increases with the increase of film thickness, 

which is due to the increase of detected Ti element, thus enhancing the signal. 

 

Figure 5-8 XPS spectra of Ti elements with different TiO2 thickness. 

Since diamond affects the peak position of Ti 2p, then TiO2 also affects the C 1s peak on 

the surface of diamond. Figure 5-9 shows the XPS spectra of C element in different 

thickness of TiO2 region. Under each film thickness, the C 1s element can also be divided 

into two peaks, one representing the sp3-C peak of diamond and the other representing the 

C-O-C bond on the surface of oxygen-terminated diamond. It can be seen from the figure 

that the sp3-C peak of diamond is at 284.0 eV and its position is basically unchanged. The C 
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peak of C-O-C bond on oxygen-terminated diamond surface moves to low binding energy 

with the increase of the TiO2 thickness. When the TiO2 thickness is 6, 12 and 18 nm, the 

peak is less near 285.2 eV, while when the TiO2 thickness is 2 nm, the peak moves to 285.7 

eV. This is because after deposited on diamond, because of its thin thickness, the TiO2 film 

will interact with the carbon atoms on the diamond surface, making the binding energy larger. 

With the increase of film thickness, titanium atoms and oxygen atoms at the interface 

between TiO2 film and diamond mainly combine with oxygen atoms and titanium atoms in 

TiO2, so the influence of C-O-C bond becomes smaller and the binding energy becomes 

smaller. In addition, the intensity of C1s peak decreases with the increase of the TiO2 

thickness, because the X-ray penetration depth is limited, and the intensity of light reaching 

the diamond decreases, which weakens the excitation signal. 

 

Figure 5-9 XPS spectra of C 1s peak covered with different thick TiO2. 

Figure 5-10 shows the dark current characteristics of the TiO2/diamond detectors. It can be 

seen that the 2 nm TiO2/diamond detector has a non-linear IV curve, while the 6, 12 and 18 

nm TiO2/diamond detector has a linear IV curve. In addition, the dark current of 2 nm 

TiO2/diamond detector is the largest, reaching 314 pA at 8 V. When the thickness of TiO2 

changes from 2 to 6 nm, the dark current decreases sharply and is only 0.75 pA at 8 V. As the 
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thickness of TiO2 continues to increase, the dark current of the device also increases slightly. 

The dark current of the TiO2/diamond detector with 12 and 18 nm thick TiO2 is 4.33 pA and 

4.58 pA, respectively. When TiO2 is deposited on diamond, because the Fermi level of 

diamond is higher than that of TiO2, some electrons on the surface of diamond are 

transferred to the TiO2 film to balance the Fermi level, resulting in extra electrons in the TiO2 

film near the interface and extra holes in the diamond. Although the TiO2 film is dielectric 

[78,79], when its thickness is 2 nm, these additional carriers can pass through the film under 

a sufficient bias voltage and be collected by the electrode, resulting in an increase in dark 

current. Therefore, the dark current of 2 nm TiO2/diamond detector is very small at low 

voltage, but increases rapidly at high voltage. When the thickness of TiO2 film increases to 6 

nm, the additional carriers near the interface can not pass through TiO2 film, resulting in a 

sharp decrease in dark current. As the thickness of TiO2 increases from 6 to 18 nanometers, 

the dark current increases slightly. This phenomenon may be due to the existence of more 

defects when the TiO2 film is thicker, resulting in additional conductive paths [80]. Therefore, 

the dark current increases. 

 

Figure 5-10 IV characteristics of the TiO2/diamond detectors with different thick TiO2.  

Figure 5-11 shows the photocurrent of TiO2/diamond detectors with different thick TiO2. 

Under 220 nm and 335 nm irradiation, the current of the device increases rapidly, which is 
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much larger than the dark current of the device. However, under visible (660 nm) irradiation, 

the current of the device increases less, indicating that the device has good spectral 

selectivity. Because of the existence of TiO2, the photocurrent of the device at 335 nm is 

larger than that at 220 nm, and the photocurrent increases when the film thickness increases 

from 6 to 18 nm. The net photocurrent can better show the photocurrent characteristics of the 

device. Under 8 V bias, the net photocurrents of 2 nm, 6 nm, 12 nm and 18 

nm-TiO2/diamond detectors under 220 nm illumination are 0.301 nA, 0.289 nA, 0.299 nA 

and 0.387 nA, respectively, and those under 335 nm illumination are 1.17 nA, 0.966 nA, 

1.33 nA and 25.1 nA, respectively. It can be seen that the net photocurrent increases as the 

film thickness increases from 6 to 18 nm. When the thickness of titanium dioxide film is 2 

nm, the photocurrent is unique due to the interaction between diamond and TiO2. 

 

Figure 5-11 shows the photocurrent of TiO2/diamond detectors with different thick TiO2: (a) 

2 nm; (b) 6 nm; (c) 12 nm; (d) 18 nm. 

Figure 5-12 displays the spectral responsivity of TiO2/diamond detector with TiO2 

thickness of 18 nm at 8 V. Two response peaks are centered at 225 nm (3 mA/W) and 290 

nm (23.6 mA/W), which are different from those of pure diamond detectors and pure TiO2 

detectors. The response peak at 225 nm is caused by the response of diamond to ultraviolet 
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light, while the response peak at 290 nm comes from the ultraviolet response of TiO2 film. 

 

Figure 5-12 Spectral responsivity of TiO2/diamond detector with 18 nm thick TiO2 at 8 V. 

 

Figure 5-13 Spectral responsivity of TiO2/diamond detector with 12 nm, 6 nm, and 2 nm 

thick TiO2 at 8 V. 
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The variation of TiO2 film thickness could affect the photo response behavior. Figure 5-13 

shows the spectral response of TiO2/diamond detectors with 12 nm, 6 nm, and 2 nm thick 

TiO2 at 8 V. There are also two response peaks for all the three photodetectors centered at 

220 nm and 290 nm. However, the responsivity at 290 nm is lower than that at 220 nm, 

which is different from TiO2/diamond detector with 18 nm thick TiO2. This could be ascribed 

to the film thickness, since ultra thin TiO2 film can only absorb less UV light. Consequently, 

when TiO2 film is thinner, its responsivity becomes lower. 

Figure 5-14 shows the time response of the TiO2/diamond detector at 20 V and 220 nm. It 

can be seen that the device has similar time response behavior when the thickness of TiO2 

film is 2, 6 and 12 nm. Under illumination, the current increases rapidly at first and then 

decreases to a stable value. When the light is removed, the current drops rapidly to its origin. 

The rising time of 2, 6 and 12 nm-TiO2/diamond detectors is 30 ms, 20 ms and 60 ms, and 

the falling time is 600 ms, 200 ms and 350 ms, respectively. When the thickness of TiO2 film 

is 18 nm, the device has different time response behavior. The current increases rapidly (30 

ms) under illumination and then slowly over time. After shading, the current decreases 

rapidly (200 ms), then slowly, and can not return to the initial current value during testing. 

As the thickness increases, TiO2 plays a dominant role in the light response, and the longer 

the response time is related to the defects. 

 

Figure 5-14 Time response of the TiO2/diamond detector at 20 V and 220 nm. 
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5.4 Summary 

In this paper, for the first time, the intrinsic single crystal diamond was combined with 

TiO2 to fabricate TiO2/diamond detector and its performance was studied. In the experiment, 

a photoconductive TiO2/diamond detector was designed and fabricated. The dark current at 

30 V was 2.6 pA, the response at 220 nm was 0.2 A/W, and the response at 340 nm was 

0.048 A/W. Compared with pure diamond detectors, the responsivity in the ultraviolet region 

is improved. Next, the effect of film thickness on the performance of TiO2/diamond 

ultraviolet detectors was studied. Titanium dioxide thin films with thickness of 2, 6, 12 and 

18 nm were deposited on four regions of the same diamond sample surface, and four 

ultraviolet detectors with the same electrode parameters were prepared. The spectral 

response curves of the four detectors all show response peaks at 290 and 225 nm. Among 

them, 290 and 225 nm peaks are derived from the ultraviolet response of TiO2 and diamond. 

When the film thickness is 12 nm or less, the responsivity of the detector at 225 nm is 

greater than that at 290 nm, which indicates that the response of the detector at this time is 

mainly diamond. The response enhancement of the structure of the titanium dioxide/diamond 

film to ultraviolet band is small. When the film thickness is 18 nm, the responsivity of the 

detector at 225 nm is less than that at 290 nm, indicating that the detection at this time. The 

device mainly responds to TiO2, and the structure of TiO2/diamond film enhances the 

photoresponse in ultraviolet band. 
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6  Preliminary exploration of diamond p-i-n photodiode 

6.1 Introduction 

With the development of social technology, Schottky barrier diodes, metal oxide 

semiconductor field effect transistors, p-n junction diodes and other high-power 

high-frequency electronic devices began to rapidly popularize. Compared with typical 

materials such as SiC and GaN, diamond has attracted much attention due to its high 

breakdown field, high thermal conductivity, high carrier mobility and low dielectric constant. 

In recent ten years, due to the difficulty of n-type doping technology, the research of 

diamond power devices mainly focuses on p-type Schottky barrier diodes and 

hydrogen-terminated field effect transistors [81-86]. In recent years, phosphorus (P) doping 

on (111) and (100) surfaces has been successfully realized by microwave plasma chemical 

vapor deposition (MPCVD). Since then, diamond p-i-n structures have been studied for deep 

ultraviolet light emitting diodes, vacuum switching devices and power electronic devices 

[87-89]. Of course, diamond p-i-n structure can also be applied to photodiodes. 

Compared with N-doping on (111) orientation, (001) p-doping on (001) orientation 

diamond has better properties of metal-diamond crystals and electrical and optical thin films, 

which shows that the prospect of diamond electronic applications is closer to the actual 

market [90]. However, (001) there is a problem in oriented P-doped films, that is, the surface 

morphology is not flat and it is difficult to optimize [91]. In order to obtain a smooth surface, 

additional polishing processes are needed. This requires a relatively thick doped film. In the 

existing literature, (001) orientation doped methane concentration and growth temperature 

are low, resulting in a low growth rate of 0.2-2.5 um/h [91]. So it takes a long time to grow a 

thick film. 

In this paper, the high growth rate of p-doped (001) oriented diamond films was achieved 

by using high methane concentration (>3.2%) and high growth temperature (1100 C). A 

diamond p-i-n photodiode was fabricated and characterized based on fast doping growth 

technology, which shows its potential application prospects. 

6.2 Study on epitaxial growth of single crystal diamond 
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In order to prepare p-i-n structure, the surface of i layer should be smooth, so as to prepare 

for n layer epitaxial growth. Therefore, we studied the effect of growth process on the 

surface morphology of intrinsic epitaxial layer of single crystal diamond, including  

pressure, methane flow rate and temperature. 

(1) Effect of pressure on surface morphology of intrinsic epitaxial layer 

In order to study the effect of pressure on the surface morphology of intrinsic epitaxial 

layer, we keep the methane concentration, hydrogen flow rate, substrate temperature and 

growth time unchanged, and only change the pressure of the cavity. The parameters are 

shown in Table 6-1. 

Table 6-1 Growth parameters for pressure study. 

Sample ID 
Pressure 

(kPa) 

CH4 

(%) 

H2 

(sccm) 

Temperature 

(℃) 

Time 

(h) 

#1 8 6 500 1000 1 

#2 11 6 500 1000 1 

#3 14 6 500 1000 1 

#4 16 6 500 1000 1 

Figure 6-1 shows the surface morphology of diamond epitaxial layer grown under 

different chamber pressures. The surface of the sample under 8 kPa is black, but the surface 

under other pressure conditions is bright. At 8 kPa, the diamond surface did not realize 

epitaxial growth, but deposited a layer of black film, which could be wiped off by double 

cotton swabs. The composition of the film is also diamond by Raman spectroscopy. With the 

increase of chamber pressure to 11 kPa, the diamond surface appears dense bulging, which is 

a typical surface morphology of diamond epitaxy growth, indicating that diamond epitaxy 

growth has been achieved. When the pressure reaches 14 kPa, the surface becomes smooth, 

and the number of surface bulges decreases. When the pressure is further increased to 16 kPa, 

the surface becomes smoother, the bulge disappears and the black spots appear. Therefore, 

with the increase of pressure, the surface morphology can become smooth. 
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Figure 6-1 Surface morphology of diamond epitaxial layer grown under different chamber 

pressures: (a) 8 kPa, (b) 11 kPa, (c) 14 kPa, and (d) 16 kPa. 

From the surface morphology of samples at 8 kPa and 11 kPa, it can be seen that large 

pressure is more conducive to the epitaxial growth of diamond. In the process of growth, we 

observed that the plasma sphere is larger at 8 kPa. During the process of increasing 

microwave power, the temperature of the substrate surface rises slowly. When the 

temperature rises to 1000 ℃ the microwave power reaches 4000 W, and the microwave 

power reacts on the plasma sphere, making it more dispersed and the center rises. In this case, 

the microwave power density on the substrate surface is low. The energy of hydrogen plasma 

is not enough to open the pentacarbon ring of diamond (2×1) to reconstruct dimer, so 

hydrocarbon groups in plasma atmosphere can not be embedded into diamond surface to 

realize epitaxy growth. In this way, hydrocarbon groups can only accumulate and nucleate at 

lower surface energy, and then small diamond particles can be gradually grown from the 

nucleation point. Moreover, because of the insufficient power density and slow growth 

process, these particles can not rapidly form continuous thin films. 
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At 11 kPa, the plasma sphere in the cavity is small and can aggregate onto the surface of 

the diamond substrate. During the process of increasing microwave, the substrate 

temperature rises rapidly. When the temperature rises to 1000 ℃, the microwave power is 

2500 W. At this time, the plasma sphere is still relatively small and concentrated on the 

surface of the diamond substrate, and the center of the plasma sphere is closer to the surface 

of the sample than 8 kPa. In this case, both the power density and the energy of hydrocarbon 

groups on the surface of diamond substrates meet the conditions of diamond epitaxy growth, 

so the epitaxy growth of diamond films is realized. With the increase of the pressure, the 

plasma sphere is more concentrated on the surface of the diamond substrate, which is 

beneficial to the improvement of the surface morphology of the sample. In the follow-up 

study, the working pressure of the reaction chamber was set to be 16 kPa. 

(2) Effect of methane concentration on surface morphology of intrinsic epitaxial layer 

In order to study the effect of methane concentration on single crystal diamond epitaxial 

films, the hydrogen flow rate, chamber pressure, temperature and growth time is unchanged, 

and only change the methane concentration. Its parameters are shown in Table 6-2. 

Table 6-2 Growth parameters for methane concentration study. 

Sample ID 
CH4 

(%) 

Temperature 

(℃) 

Pressure 

(kPa) 

H2 

(sccm) 

Time 

(h) 

#1 4 1000 16 500 1 

#2 6 1000 16 500 1 

#3 8 1000 16 500 1 

#4 10 1000 16 500 1 

Fig. 6-6 shows the surface morphology of samples grown at different methane 

concentrations. When the methane concentration is 4 %, the stripe morphology appears on 

the surface. When the methane concentration is 6 %, the diamond surface is smooth and the 

stripe morphology decreases, but there are black spots. When the methane concentration is 

8 %, the stripe morphology and the black spot morphology disappear, replaced by the drum 

morphology. When the methane concentration is 10 %, the drum becomes dense and sharp, 

and increases directly. In the process of growth, when hydrogen plasma opens the ring, the 

sixth carbon atom is supplemented by hydrocarbon groups. The growth of hydrogen plasma 

is directional, which makes the surface rough. However, due to the existence of surface 

migration process, the surface can be smoothed [92]. When the concentration of methane is 
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low (4 %), the hydrocarbon group concentration is low and grows in a specific direction 

preferentially. The growth rate of hydrocarbon group in other directions is slow because the 

concentration of hydrocarbon group is insufficient, thus forming a uniform stripe 

morphology. When the methane concentration increases to 6%, the concentration of 

hydrocarbon groups in the cavity increases, and there are enough hydrocarbon groups for 

surface migration, so the surface becomes smooth. The black shape is formed by etching the 

top of the hill on the surface. In the process of epitaxy, surface point defects grow faster and 

become hills. Later, hydrogen etches the top faster than it grows, making it darker. When the 

methane concentration is 8 %, the hydrogen etching rate at the top of the hill is less than the 

growth rate, so the bulging morphology is formed. With the further increase of methane 

concentration, the number of preferential nucleation points increases and the growth rate is 

faster, so the bulge becomes dense and the diameter becomes larger. 

 

Figure 6-2 Surface morphology of diamond epitaxial layer grown under different methane 

concentration: (a) 4 %, (b) 6 %, (c) 8 %, and (d) 10 %. 
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(3) Effect of temperature on surface morphology of intrinsic epitaxial layer 

In order to study the effect of temperature on surface morphology, the methane 

concentration, hydrogen flow rate, chamber pressure and growth time are unchanged, and 

only change the substrate temperature. The parameters are shown in Table 6-3. 

Table 6-3 Growth parameters for temperature study. 

Sample ID 
Temperature 

(℃) 

Pressure 

(kPa) 

CH4 

(%) 

H2 

(sccm) 

Time 

(h) 

#1 950 16 4 500 1 

#2 1000 16 6 500 1 

#3 1050 16 8 500 1 

#4 1100 16 10 500 1 

 

Figure 6-3 Surface morphology of diamond epitaxial layer grown under different 

temperature: (a) 950 ℃, (b) 1000 ℃, (c) 1050 ℃, and (d) 1100 ℃. 
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Figure 6-3 shows the surface morphology of diamond epitaxial films at different 

temperatures. At 950 ℃, the surface of the sample has stripes; at 1050 ℃, the surface is very 

smooth; at 1100 ℃, the surface appears pyramid. Surface migration requires sufficient 

energy. At low temperature (950 ℃), energy is not enough to migrate, so there are a lot of 

stripes on the surface. At 1000 ℃, the energy is higher and can be migrated, so the fringes 

are less. When the temperature is further increased, the growth rate of the sample surface 

increases, so that the point defects can be repaired to make the surface smooth. When the 

temperature is further increased to 1100 ℃, the growth rate is further increased, and the 

point defects can not be repaired, which will form a pyramid structure. 

(4) Quality characterization of epitaxial intrinsic layer grown by optimized condition 

Through the study of process parameters, we obtained the process of growing smooth 

diamond epitaxial layer: pressure 16 kPa, methane concentration 6%, temperature 1050 ℃, 

hydrogen flow 500 sccm, and the growth time is 1 h. Using this parameter, diamond 

epitaxial growth was carried out. The grown sample is shown in Figure 6-4. It can be seen 

that the surface is very smooth. 

 

Figure 6-4 Optical image of diamond grown with optimized condition. 

Figure 6-5 gives the Raman spectrum of the epitaxial intrinsic diamond sample. There is 
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only one single sharp peak located 1332.9 cm-1, indicating the existence of diamond phase. 

Additionally, the half-peak width is 3 cm-1, indicating that the quality of the diamond is 

acceptable. 

 

Figure 6-5 Raman spectrum of diamond grown with optimized condition. 

 

Figure 6-6 XRD spectrum of diamond grown with optimized condition. 

Figure 6-6 shows the XRD rocking curve of diamond (400) orientation. A sharp peak can 
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be observed in the figure, which is a characteristic peak for diamond (100) surface. This 

indicates that the growth is successful to remain the origin orientation. The half-peak width 

of is about 0.0132 degree, indicating a good crystal quality. 

Figure 6-7 gives PL spectrum of the epitaxial diamond, and the emission peak near 235 

nm can be clearly observed. The emission peak near 235 nm is free exciton peak, which can 

only be observed in high quality diamond samples. The PL spectrum of commercialized high 

quality single crystal diamond substrates is also shown. The luminescence peak can also be 

observed at 235 nm. Compared with commercial high-quality single crystal diamond 

substrates, the emission peak and intensity at 250-400 nm band are reduced, which indicates 

that the quality of single crystal diamond substrates is better.  

 

Figure 6-7 PL spectra of diamond grown with optimized condition and commercial diamond. 

6.3 N-type doping of (100)-oriented single crystal diamond 

N-type doping of diamond is mainly realized by phosphorus doping. Compared with 

(111)-oriented phosphorus-doping, the efficiency of phosphorus-doping in (100) direction is 

low. To this end, we have continuously optimized the process and improved the equipment, 

and finally successfully realized (100)-oriented phosphorus doping. The doping 

concentration of phosphorus is mainly related to two factors: temperature and 
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phosphorus/carbon ratio. 

(1) Effect of temperature on doping concentration 

The hydrogen flow rate of 500 sccm, methane flow rate of 40 sccm and phosphine flow 

rate of 100 sccm were maintained unchanged, and the doping growth was carried out for 30 

minutes in the temperature range of 1000-1100 ℃. Figure 6-8 shows the surface morphology 

of phosphorus-doped diamond grown at different temperatures.  

 

Figure 6-8 Optical image of phosphorus-doped diamond grown at different temperatures: (a) 

1000 ℃, (b) 1030 ℃, (c) 1060 ℃, and (d) 1100 ℃.  

When the growth temperature is 1000 ℃, the sample surface is composed of smooth 

surface and dispersed particles. When the temperature increases to 1030 ℃, the surface 

microparticles become more and connect with each other, covering most of the surface, and 

only a few smooth surfaces are exposed. When the temperature increases to 1060 ℃, all 

surfaces are covered by micro-particles, and the degree of coalescence of micro-particles 

increases. When the temperature continues to increase to 1100 ℃, there is no micro-particle 

morphology on the surface, but fine step morphology. The micro-structure is given by Figure 

6-9. This is because at low temperatures, phosphorus atoms aggregate on the surface, which 
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will cause diamond nucleation, and then grow larger, resulting in a lot of micro-particles on 

the surface. With the increase of temperature, the phosphorus atoms gradually disperse, so 

the number of micro-particles will increase, and the growth rate will increase with the 

increase of temperature, so that the transverse coalescence of micro-particles will be 

accelerated, and even coalesced into continuous films. At high temperature (1100 ℃), 

phosphorus atoms can be uniformly dispersed on the surface, and the growth mode of the 

surface becomes step growth. 

 

Figure 6-9 SEM image of diamond grown at 1100 ℃. 

The doping concentration of phosphorus atoms needs to be measured by secondary ion 

mass spectrometer (SIMS). Figure 6-10 shows the SIMS results of phosphorus doping 

concentration at growth temperature of 1060 ℃ and 1100 ℃. The doping concentration of 

phosphorus is 2×1017 cm-3 at the growth temperature of 1060 ℃, and 4×1017 cm-3 at the 

growth temperature of 1100 ℃. The results show that the higher the temperature is, the 

higher the phosphorus doping concentration is. This is because the radius of phosphorus 

atom is larger than that of carbon atom, the solid solubility of diamond is lower, and 

precipitation phenomenon exists. The growth rate of diamond at 1060 ℃ is lower than that 

of 1100 ℃, and the phosphorus precipitation rate is higher, resulting in the doping 

concentration of diamond is lower than that of phosphorus doping at 1100 ℃. 



 

 100 

  

Figure 6-10 SIMS results of phosphorus doping concentration at (a) 1060 and (b) 1100 ℃ 

growth temperatures. 

(2) Effect of methane concentration on doping concentration 

The C/P ratio in the growth atmosphere is also a key factor affecting the doping 

concentration. In order to study the effect of methane concentration on the surface 

morphology and doping concentration of phosphorus-doped diamond, we maintained 

hydrogen flow rate of 500 sccm, phosphorus flow rate of 100 sccm, substrate temperature of 

1100 ℃, growth for 30 minutes at 3.2 %, 4.7%, 6.25%, 7.7% and 9.1% methane 

concentration. 

Figure 6-11 gives SIMS results of phosphorus doping concentration of doped growth 

samples at different methane concentrations. It can be seen from the results that the 

concentration of methane has a great influence on the phosphorus doping concentration. At 

the concentration of methane of 9.1%, 7.7%, 6.25%, 4.7% and 3.2 %, the phosphorus doping 

concentration is 1×1017 cm-3, 2×1017 cm-3, 3×1017 cm-3, 1×1018 cm-3, and 1.5×1018 cm-3, 

respectively. This indicates that the phosphorus doping concentration increases with the 

decrease of methane concentration. Therefore, in order to achieve higher doping 

concentration, the methane flow rate can be further optimized. 
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Figure 6-11 SIMS profiles of P-doped diamond films with CH4 concentration varying. 

Figure 6-12(a) shows the cross section of the doped sample at 4.7% methane 

concentration. A clear boundary can be observed in the SEM image due to the difference in 

conductivity between the phosphorus-doped film and the intrinsic diamond substrate. The 

white area is diamond substrate and the black filament area is epitaxial phosphorus doped 

film. The thickness of the phosphorus-doped film is about 10.14 µm. The growth rate of the 

phosphorus-doped film reaches 20.28 µm/h because the growth time is 30 min. The growth 

rate of phosphorus doping is much higher than that in other literatures [91,93,94]. Using the 

same method, the growth rate of other methane concentrations can be calculated. Figure 

6-12(b) shows the variation of doping growth rate with methane concentration. It can be seen 

that the growth rate increases with the increase of CH4 concentration. When the 

concentration of CH4 was 9.1%, the growth rate even reached 54.5 µm/h. However, the 

concentration of phosphorus doping is low at this time, which is only 1×1017 cm-3. In order 

to obtain high doping concentration and high growth rate at the same time, the concentration 

of methane and phosphane can be increased simultaneously. 
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Figure 6-12 (a) Cross section of the doped sample at 4.7% methane concentration. (b) 

Doping growth rate as a function of CH4 Concentration. 

6.4 Investigation of (100)-oriented diamond p-i-n photodiode 

Based on the success of fast doping technique, a (001)-oriented diamond p-i-n junction 

diode was fabricated, and the schematic is shown in Figure 6-13. The p-type layer is 300 µm 
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thick HPHT IIb type (001)-orientated single crystal diamond substrate with a boron 

concentration of 3×1019 cm-3. The intrinsic layer and P-doped n-type layer grown by 

MPCVD method have thicknesses about 400 nm and 500 nm, respectively. The n-type layer 

growth conditions are the same with that of the CH4 4.7 % sample. Therefore, the P 

concentration is about 1×1018 cm-3. Due to the high growth rate (~20.28 µm/h), the doping 

process was finished in 2 min. The cathode and anode electrodes were formed on n top layer 

and p bottom layer respectively using Ti and Pd. To form a better ohmic contact, the sample 

was annealed at 500 ℃ for 30min in vacuum. 

 

Figure 6-13 Schematic diagram of the p-i-n photodiode structure 

Figure 6-14 shows the IV characteristics of diamond p-i-n junction diodes at room 

temperature. It can be seen from the figure that the diode has obvious rectification 

characteristics. At 14.5 V, the forward current density is 5812 A/cm2, while at -14.5 V, the 

reverse current density is 56 mA/cm2. Therefore, the rectification ratio of the diode at 14.5 V 

is about 1×105. The leakage current density of the p-i-n junction diode is higher and the 

rectification ratio is lower. This is because the intrinsic layer is thinner and the 

reverse-biased carrier is easier to pass through the intrinsic layer, which increases the 

leakage current density. Therefore, the thickness of intrinsic layer should be selected 

according to the device use. 
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Figure 6-14 Current density as a function of the bias voltage. 

Figure 6-15 shows the capacitive voltage (C-V) characteristics of diamond p-i-n diodes 

at room temperature and 10 kHz. In the range of -5V to 2V, the capacitance value is constant, 

and its value is 940fF, which indicates that the eigen layer has been exhausted. Because the 

calculation formula of capacitance is C=Aεdiamondε0/W, the calculation result of depletion 

zone width W is 420 nanometers. In the 1/C2-V characteristic, 1/C2 decreases rapidly in the 

range of 2.5 V to 5 V, which indicates that the depletion width of layer I shrinks. The built-in 

potential Vbi of the device is 4.74 eV and the acceptor concentration of the intrinsic layer is 

4.9×1016 cm-3 by fitting the linear part of the device and combining formula (3-5) and (3-6). 

Since the activation energy level of boron is 0.37 eV and that of phosphorus is 0.57 eV, the 

theoretical value of built-in potential difference is Vbi= (5.5-0.37-0.57) eV=4.56 eV. The 

calculated value of the p-i-n diode in this study is close to the theoretical value and 

reasonable. The calculated values of the acceptor concentration are relatively large, which 

indicates that the boron concentration in the intrinsic thin films is higher than that of the 

unintentionally doped ones, which is also one of the reasons for the high reverse current 

density and low rectification ratio. 
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Figure 6-15 Capacitance-voltage characteristics of the p-i-n diode. 

Figure 6-16 shows the IV characteristics of diamond p-i-n junction photodiodes. It can be 

found that the photocurrent of the device is larger than that of the dark current when the light 

intensity is 210 nm of 0.366 W/mm2. At reverse bias of 5 V, the dark current of the device is 

35.2 nA and the photocurrent is 1.9 µA, so the light-dark current ratio is 54 and the net 

photocurrent reaches 1.865 µA. 

 

Figure 6-16 IV characteristics of diamond p-i-n junction photodiode. 
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Generally speaking, the p-i-n junction photodiode works in the reverse bias state, so we 

study the spectral response under the reverse bias. Figure 6-17 shows the spectral response 

curve of diamond p-i-n junction photodiode with a bias of 5V. The device has good spectral 

selectivity, with a response of 730 A/W at 215 nm and 0.52 A/W at 400 nm, so its UV/visible 

suppression ratio of 215 nm/400 nm is 1.4×103. 

 

Figure 6-17 Spectral response of diamond p-i-n junction photodiode with a bias of 5V. 

Figure 6-18 shows the relationship between current and time under 1V reverse bias of 

diamond p-i-n junction photodiode. The wavelength of incident light is 215 nm. When the 

illumination is turned on, the current of the device increases slowly and does not reach the 

saturation value within 10 seconds. When the illumination is removed, the current of the 

device decreases slowly and does not reach the initial current value within 200 seconds. The 

time response curve shows that the device has a very serious persistent photoconductivity 

effect. This is because there is a large acceptor concentration in the intrinsic layer. Once an 

electron-hole pair is generated under light, most of the electrons will recombine with the 

hole, so the photocurrent can only rise slowly. When the light is withdrawn, the electrons 

captured by the acceptor are released slowly, which makes the photocurrent of the device 

decrease slowly. Therefore, it is necessary to further optimize the process to inhibit the 

unintentionally doped boron concentration. 
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Figure 6-18 Time response of the diamond p-i-n junction photodiode under 1 V reverse bias. 

6.5 Summary 

In the experiment, the intrinsic single crystal diamond epitaxy process was studied firstly. 

By adjusting the chamber pressure, methane concentration and temperature, the 

technological conditions for the growth of smooth epitaxy layer surface were obtained as 

follows: chamber pressure 16 kPa, methane concentration 6%, temperature 1050 C, 

hydrogen flow 500 sccm. The Raman half-peak width and XRD half-peak width of the 

diamond epitaxy films prepared by this process are 3 cm-1 and 0.0132 ° respectively, and 235 

nm free exciton peaks can be clearly observed. Next, the factors affecting n-type phosphorus 

doping in single crystal diamond were studied. The results show that the phosphorus doping 

concentration increases with the increase of growth temperature, and decreases with the 

decrease of methane concentration. Finally, diamond p-i-n junction photodiodes were 

fabricated based on high quality intrinsic epitaxy and n-type doping rapid growth process. 

Under light, the device has obvious photoelectric response. At 5 V, the dark current of the 

rejection ratio at 215 nm/400 nm is 1.4×103. The acceptor concentration introduced by 

non-intentional boron doping in the intrinsic layer is higher, which results in a slower 

response speed. 
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7  Conclusion and outlook 

7.1 Conclusion 

Diamond materials have excellent optoelectronic properties, and have high application 

potential in the direction of ultraviolet detectors. In this paper, the improvement of the 

responsivity of single crystal diamond UV photodetector is studied. 

(1) diamond UV photodetector with photocurrent gain were prepared, and the mechanism 

of the photocurrent gain was investigated. When the bias voltage is larger than the open 

voltage, the photogenerated electrons accumulated near the positive electrode/diamond 

interface can tunnel through the barrier and inject into the electrode, thus generating 

photocurrent gain. The turn-on voltage is related to the concentration of photoelectrons. The 

higher the concentration, the lower the turn-on voltage. Due to the existence of photocurrent 

gain in diamond ultraviolet photodetectors, the responsivity can be enhanced. When the bias 

voltage is less than the open voltage, the wavelength responsivity of 210 nm is only 4.29 

mA/W; when the bias voltage is larger than the open voltage, the responsivity increases 

rapidly to 51 mA/W. When the voltage is further increased, the avalanche effect occurs, then 

the photocurrent increases 10 times rapidly, and the responsivity reaches 1.18 A/W at 50 V. 

(2) A bottom-up method for fabricating three-dimensional diamond grooved ultraviolet 

detectors is proposed for the first time. In the experiment, the metal interdigital electrode was 

fabricated on the surface of the diamond epitaxial layer, and then the grooved 

three-dimensional ultraviolet detector was obtained by selective growth in the diamond area 

which was not covered by metal. The detector is a photoconductive detector with dark 

current of 4.74 µA at 5V, responsivity of 9.36 A/W at 220 nm and UV/visible light rejection 

ratio of 103. To solve the problem of large dark current and slow response of the 

photoconductive detector, we fabricated photovoltaic three-dimensional ultraviolet detectors 

by bottom-up method. The dark current of the photoconductive detector is five orders of 

magnitude lower than that of the photoconductive detector, and the decay time is 590 ms, 

which is much shorter than the response time of the photoconductive detector. 

(3) Low-dimensional materials have unique physical properties. In this chapter, the design 

of Q1D structure is applied to single crystal diamond UV photodetectors for the first time, 
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and its performance is characterized. Q1D diamond UV detector were obtained by etching 

diamond strips on the surface of diamond and setting the interdigital electrodes 

perpendicular to the direction of diamond strips. Because of the etching defects, the 

as-fabricated detectors have better performance than planar detectors only when the 

electrode spacing is large, and the photocurrent of the detectors is increased by 14.6%. The 

surface defects were repaired by diamond secondary epitaxy technology, and the Q1D 

structure detectors were fabricated again. The photocurrent of the repaired detector is larger 

than that of the planar structure. When the distance between the electrodes is 30 µm, the 

photocurrent even increases by 106%. In addition, the responsivity, UV/visible rejection 

ratio and transient response performance of Q1D structure detector are better than those of 

planar structure detector with the same electrode spacing. The experimental results show that 

the performance of diamond UV photodetectors can be effectively improved by combining 

QiD structure design with secondary epitaxy surface defect repair. 

(4) The intrinsic single crystal diamond was combined with TiO2 to fabricate 

TiO2/diamond detector and its performance was studied. In the experiment, a 

photoconductive TiO2/diamond detector was designed and fabricated. The dark current at 30 

V was 2.6 pA, the response at 220 nm was 0.2 A/W, and the response at 340 nm was 0.048 

A/W. Compared with pure diamond detectors, the responsivity in the ultraviolet region is 

improved. Next, the effect of film thickness on the performance of TiO2/diamond ultraviolet 

detectors was studied. Titanium dioxide thin films with thickness of 2, 6, 12 and 18 nm were 

deposited on four regions of the same diamond sample surface, and four ultraviolet detectors 

with the same electrode parameters were prepared. The spectral response curves of the four 

detectors all show response peaks at 290 and 225 nm. Among them, 290 and 225 nm peaks 

are derived from the ultraviolet response of TiO2 and diamond. When the film thickness is 12 

nm or less, the responsivity of the detector at 225 nm is greater than that at 290 nm, which 

indicates that the response of the detector at this time is mainly diamond. The response 

enhancement of the structure of the titanium dioxide/diamond film to ultraviolet band is 

small. When the film thickness is 18 nm, the responsivity of the detector at 225 nm is less 

than that at 290 nm, indicating that the detection at this time. The device mainly responds to 

TiO2, and the structure of TiO2/diamond film enhances the photoresponse in ultraviolet band. 

(5) A (100)-oriented diamond p-i-n photodiode was investigated in this paper. The 

intrinsic single crystal diamond epitaxial process was studied firstly. By adjusting the 

chamber pressure, methane concentration and temperature, the technological conditions for 
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the growth of smooth epitaxy layer surface were obtained as follows: chamber pressure 16 

kPa, methane concentration 6%, temperature 1050 C, hydrogen flow 500 sccm. The Raman 

half-peak width and XRD half-peak width of the diamond epitaxy films prepared by this 

process are 3 cm-1 and 0.0132 ° respectively, and 235 nm free exciton peaks can be clearly 

observed. Next, the factors affecting n-type phosphorus doping in single crystal diamond 

were studied. The results show that the phosphorus doping concentration increases with the 

increase of growth temperature, and decreases with the decrease of methane concentration. 

Finally, diamond p-i-n junction photodiodes were fabricated based on high quality intrinsic 

epitaxy and n-type doping rapid growth process. Under light, the device has obvious 

photoelectric response. At 5 V, the dark current of the rejection ratio at 215 nm/400 nm is 

1.4×103. The acceptor concentration introduced by non-intentional boron doping in the 

intrinsic layer is higher, which results in a slower response speed. 

7.2 Outlook 

In this paper, the research of avalanche photodetectors, three-dimensional structure 

detectors, quasi-one-dimensional structure detectors, TiO2/diamond heterojunction detectors 

and diamond p-i-n photodiodes is mainly focused on the improvement of diamond 

responsivity. There are still many tasks that can be carried out in detail. In addition, some 

assumptions have not yet been realized. 

(1) The mechanism of photocurrent gain and the origin of avalanche effect need further 

study. In this paper, photoelectric current gain and avalanche effect are observed in 

back-to-back Schottky junction detectors, but it is not clear whether they can be observed in 

photoconductive detectors and single Schottky junction detectors. 

(2) The photoconductive detector fabricated by bottom-up method has high dark current, 

high responsiveness and slow response speed, while the photovoltaic detector has low dark 

current and fast response speed, but low responsiveness. Therefore, appropriate design can 

be adopted to combine the advantages of both. 

(3) In the research of quasi-one-dimensional structure detector, the influence of width and 

height of diamond strip on detector performance can be further studied. In addition, drawing 

on the idea that other materials have high responsiveness in nanowire dimension, the 

dimension of diamond bars can be further approached to one-dimensional nanowires to 

improve the responsiveness of detectors. 

(4) In the research of diamond p-i-n photodiodes, the high concentration of unintentional 
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doping in the intrinsic layer leads to high dark current and slow response. Therefore, the 

acceptor concentration of the intrinsic layer can be reduced and the device performance can 

be improved by optimizing the process to suppress the unintentional doping. 
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