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Abstract 

This thesis describes the design and fabrication of a novel direct-conversion X-ray 

detector based on Mo/a-Si:H Schottky diodes. The choice of Mo as a Schottky contact 

follows from its low stress, temperature stability, and relatively large X-ray absorption. 

Furthermore, it is compatible with the standard hydrogenated amorphous silicon (a-Si:H) 

thin film transistor (TfT) technology. Here, the TFf s are intended for use as switching 

elements in large area imaging applications. 

Investigations of device stability at low bias suggest that the time dependent varia­

tions of reverse current can be attributed to the release of trapped charge in the amorphous 

material. Here, the instabilities in reverse current during X-ray detection is limited to less 

than 2.5%. Various experimental studies of noise characteristics in Mo/a-Si:H Schottky 

diodes show that flicker noise dominates at low frequencies, where the detectors are ex­

pected to be operated. Here, the noise current power spectral density has a quadratic 

dependence on reverse current. 

X-ray sensitivity experiments, performed in a medical environment for a wide range 

of X-ray energies ( 40 to 100 kV p ), show a linear response of the detector with respect to 

the number of absorbed X-ray photons. Analysis shows that detector sensitivity reaches 

its maximum for a Mo layer thickness of around 500 nm at 60 kV p. The impact of other 

geometric and bias conditions on the detector performance bas also been studied. 
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Chapter 1 

Introduction 

X-rays were first discovered in 1895 by German physicist, W. K. Roentgen. Later, in 

the same year, he used a photographic film to capture an image of his wife's hand, the 

first X-ray image. Shortly after this discovery, X-ray technology found its way into 

hospitals all around the world. During the p~t century, there have been many studies 

which constructed our knowledge of production, interaction, and applications of X-rays 

in different areas. Radiology is a product of these studies, meeting the ever increasing 

demand for X-rays in medical applications, including diagnostics and treatment. Today, 

we use X-rays not only for medical imaging but also for industrial, security, and purely 

scientific purposes. 

1.1 X-ray Radiation 

X-rays, formed from electromagnetic radiation, can be emitted when atomic electrons 

change their atomic energy levels (fluorescence). X-rays can also be produced when 

energetic free electrons travel near a nucleus (Bremsstrahlung). Often X-rays are cate-

1 



CHAPTER 1. INTRODUCTION 2 

gorized by their energy ranges [ 1]: 

0.1-20 keV 124-0.62 A Low-energy or soft X-rays 

20-120 keV 0.62-0.l A Diagnostic-range X-rays 

120-300 keV 0.1-0.04 A Orthovoltage X-rays 

300 keV- 1 MeV o.04-0.01 A Intermediate-energy X-rays 

1 Me V upwards 0.01-A Megavoltage X-rays. 

X-ray photons are energetic and can penetrate deep within the material; their atten­

uation is greater in denser regions of the medium. The intensity distribution of X-rays 

after they pass through the medium, can reveal density variations in the material. 

1.2 Conventional Methods for X-ray Imaging 

Several methods have been developed to capture the infonnation gathered by X-rays. 

Film, the first and the easiest method to capture X-ray intensity distributions, has seen 

tremendous sensitivity improvements over the past century. In modern applications, X­

rays are converted to visible light using a phosphor material (such as Gd2O2S, LaOBr. 

or YiO2S: Tb), and the generated image is then captured on photographic film. 

Despite the advantages of the photographic method, there are several disadvantages: 

• Storage and retrieval of information 

• Limitations in image processing 

• Difficulties in transferring information 

• Chemical waste problems associated with the development of films 

• Lack of real-time imaging capabilities. 



CHAPTER 1. INTRODUCTION 
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Figure 1.1: Schematic of an image intensifier. 

3 

Another widely used method for the X-ray imaging is based on image-intensifier 

tubes (Fig. 1.1 ). They can be integrated with a CCD camera. This combination allows 

for the real-time X-ray image sensing (fluoroscopy) that is essential for medical surgery 

applications. However, the problems associated with this method are: 

• Bulky size of tubes 

•• Maintenance and high voltage requirements 

• Relatively low quality images 

• Significant capital and maintenance costs. 
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1.3 Motivation 

Many of the issues attributed to the conventional X-ray imaging methods can be over­

come with large area semiconductor X-ray image sensor arrays. These sensors offer the 

convenience of integration with external electronics, while providing capabilities, such as 

real time imaging, image processing, information storage, and retrieval. Moreover, these 

sensors can facilitate the transfer of information, which is highly desirable for remote 

diagnosis and treatment. 

A semiconductor detector suitable for this purpose must have a high resistance to 

radiation damage. Additionally, the underlying fabrication technology must provide a 

large area deposition capability, such requirements are often not met by conventional 

crystalline semiconductor technologies. 

Recent developments in large area flat panel active matrix liquid crystal displays 

(AMLCDs) have lead to development of a new technology based on hydrogenated amor­

phous silicon (a-Si:H). Indeed, the a-Si:H technology also offers a suitable platform for 

medical X-ray imaging. This mainly stems from a-Si:H capability for large area elec­

tronics (2, 3] and its resistance to radiation damage [4]. 

1.4 Other Detection Schemes 

The potential applications of large area semiconductor X-ray image sensor arrays have 

generated a growing interest in this field. Detection schemes for medical X-rays, reported 

hitherto, are based on 

• Direct detection methods, where the X-ray photon energy is directly converted into 

an electrical signal 
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t-500 µm 

X-rays ~ Visible light _,.. q 

Figure 1.2: X-ray image sensor proposed by XEROX, based on combi­

nation of a phosphor layer and an a•Si:H image sensor. 

5 

• Indirect detection methods, where the X-ray photon energy is converted into visible 

light first by a phosphor layer and, subsequently, is sensed by photodetectors (Fig. 

1.2). 

Since 1985, there have been a number of reports on the fabrication and testing of X­

ray imaging arrays (5, 6, 4, 7, 8, 9, 10, 11, 12, 13, 14], most of which rely on the indirect 

detection mechanism. The efficiency of indirect detection is determined by a number of 

factors, e.g., the efficiency of conversion of X-ray photons to visible light, the efficiency 

of the photodetectors in converting the visible light to a useful electrical signal (70-90% ), 

and fill factor. The resolution of the indirect method depends on both the scattering of 

visible photons inside the scintillator layer and the dimensions of the sensing pixels. 

Direct detection methods offer advantages in resolution and efficiency. Moreover, 

they do not depend on scintillation layers. There have been some efforts to implement 

X-ray image sensors based on the direct detection method using a thick amorphous sele-
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Top X-rays 
Electrode 

--------

G 

Amorphous 
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D 

Pixel Electrode 

µm 

I 
Storage Capacitor 

Figure l.3: Schematic of X-ray detection using a thick amorphous sele­

nium layer. 

nium (a-Se) layer (Fig. 1.3) [15, 16, 17]. In this method, X-ray photons are absorbed in 

the a-Se layer, where their energies are transferred to generation of electron hole pairs ( e­

h). Subsequently, the e-h pairs are separated by an applied electric field and collected to 

form the signal. Despite the potentially high resolution of these image sensors, the thick 

selenium layer introduces severe problems in the collection of the generated charge. A 

strong electric field is often required for efficient charge collection, which is achieved by 

applying a bias as high as 4 - 10 kV across the a-Se layer. Furthermore, charge trapping 

in the a-Se layer leads to an image lag, which reduces the frame rate of the imaging array. 

1.5 Detection Scheme Under Study 

In this thesis, a direct detection scheme using heavy metal/a-Si:H Schottky diodes for 

low X-ray energies is presented. This detection method is based on the photoelectric 
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Figure 1.4: Schematic of the direct detection scheme proposed in this 

thesis. 

7 

interaction of X-ray photons with a heavy metal layer (e.g., Mo), and the ejection of 

energetic electrons into the a-Si:H layer (Fig. 1.4) (18, 19, 20, 21]. Inside the a-Si:H 

layer, the energetic electrons undergo various scattering events, thus transferring their 

energies to the generation of multiple electron hole ( e-h) pairs. The e-h pairs are then 

separated by the electric field inside the depletion region of the reverse biased Schottky 

diode, thereby forming the output signal. This detection scheme does not require any 

high voltage operation. The structure of the detectors is also fully compatible with the 

standard a-Si:H thin film transistors (TFfs), intended for use as switching elements. 

For optimum detector performance, various material, electrical, and sensitivity as­

pects need to be considered. The fabrication conditions and the associated material prop­

erties are discussed in Chapter 2. These are critical in selecting a metal that not only gives 

a high X-ray absorption, but also yields desirable detector electrical characteristics, and 

full compatibility with the thin film transistor fabrication processes. An issue intrinsic to 

a-Si:H is metastability, and this could potentially undermine the sensitivity by the time 
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dependent variations of the reverse current. Instability mechanisms and identification of 

optimum operating conditions are discussed in Chapter 3. The detection resolution is 

ultimately limited by the noise intrinsic to the device, particularly for operation at rela­

tively low frequencies. Characterization of noise performance in the fabricated Schottky 

diodes is given in Chapter 4. The X-ray sensitivity of the fabricated Schottky diodes 

is discussed in Chapter 5, along with the influence of various geometric and operating 

parameters on the sensitivity. 



Chapter 2 

Fabrication 

The advantages of amorphous silicon technology stem from its ability for large area and 

low temperature deposition, film uniformity, and use of a variety of possible substrates, 

such as glass or foil. However, these unique capabilities introduce new requirements 

and conditions, which are different from those of standard crystalline silicon technol­

ogy. The various materials and process aspects involved with the fabrication of Schottky 

diodes are presented in this chapter. These aspects have a strong bearing on selection 

of a metal layer that meets various requirements, including high X-ray absorption, high 

Schottky barrier height, low leakage current, low built-in stress, and compatibility with 

the standard a-Si:H TFI' process. 

2.1 Material 

The performance of any device strongly depends on the quality of the material and pro­

cess conditions used in its fabrication. In this section, the deposition conditions used 

to prepare the Schottky diodes are presented, along with the associated characterization 

9 
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results. 

2.1.1 Amorphous Silicon Films 

Amorphous silicon films can be prepared with a variety of deposition methods, e.g., 

chemical vapor deposition (CVD), plasma enhanced chemical vapor deposition (PECVD), 

or hot wire. The most widely used method to prepare device quality materials is PECVD. 

Here, the amorphous silicon is deposited by plasma assisted dissociation of silane (SiH4) 

(22]. The low deposition temperature ( < 350° C) prevents formation of silicon crystal 

grains on the surface and results in an amorphous structure. In typical amorphous struc­

tures, not all the valence band electrons can bond with neighboring atoms, thus creating a 

high density of dangling bonds. The incorporation of hydrogen in the amorphous silicon 

film prepared by the PECVD method ensures the passivation of some dangling bonds 

consequently improving its electrical characteristics. Commonly, the inclusion of 10% 

hydrogen in the film is considered as an optimum ratio for achieving high quality amor­

phous silicon films. Exposure to temperatures greater than 300° C facilitates the disso­

ciation of hydrogen, thus degrading the film quality. It is determined that the optimum 

deposition temperature is at 260° C [23]. 

Micro-crystalline silicon (µc-Si) is another phase of silicon that can be prepared at 

low temperatures, by introducing a high concentration of hydrogen. The conductivity of 

the doped µc-Si is found to be higher than doped amorphous silicon (23], and the former 

is sometimes used to provide ohmic contact in a-Si:H TFrs. 

In this study, all the a-Si:H films were prepared by using the Plasma Therm VII 

PECVD System. It is a one-chamber system capable of achieving base pressures as low 

as 10-6 torr. Different layers, including intrinsic a-Si:H, n + a-Si:H, and silicon nitride 

can be deposited using appropriate selection of gases. Figure 2.1 shows the configuration 
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Figure 2.1: Schematic of the Plasma Therm VII system, showing the 

available gas lines. 

of the system and the available gas lines. 

Intrinsic a-Si:H layer 

11 

The undoped amorphous silicon layer was deposited by the dissociation of pure silane. 

The deposition conditions are listed in Table 2.1. With the settings given in Table 2.1, a 

deposition rate of~ 119 A./min has been achieved (Fig. 2.2). The grown films show an 

optical band gap of 1.82 eV (Appendix A). The field effect mobility is 1.1 cm2 /Vs for 

the thin film transistors fabricated with identical conditions. 

The patterning is performed using a mixture of potassium hydroxate and methanol 

with the following ratios: 

KOH 240 gr 

CH30H 230ml 
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Figure 2.2: Variation of a-Si:H thickness with deposition time. 

H20 300 ml 
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At 35° C this solution yields an etch rate of~ 300±50A/min. The etching of the a-Si:H 

films can also be achieved by using tetra methyl ammonium hydroxide (TMAH) with a 

slower etching rate. 

Doped a-Si:H Layer 

Often, thin layers of n-doped a-Si:H and µc-Si are employed to provide the ohmic contact 

between metal and the intrinsic a-Si:H. In this research, a thin layer of n + a-Si:H is used 

to provide the ohmic contact between the back contact and the intrinsic a-Si:H. The 

choice of n + a-Si:H over µc-Si is determined by the need to achieve a clean interface 

between the n + and the intrinsic layer without breaking the vacuum. 

The deposition conditions used for the n + are reported in Table 2.1 with a gas ratio 

of 1 : 10-2 between SiH4 and P H3 • For all then+ layers fabricated for this study, a 
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Conditions-Layer Intrinsic a-Si:H n+ a-Si:H Silicon Nitride 

Deposition system Plasma Therm Plasma Therm Plasma Therm 

Temperature 260° C 260° C 260° C 

Gases SiH4 PH3/SiH4 NH3&SiH4 

Flow (seem) 50 10 100&10 

Pressure(mtorr) 150 250 400 

RF Power(W) 10 10 110 

Deposition rate (A/min) 119 50 120 

Table 2.1: Deposition conditions for intrinsic a-Si:H, doped a-Si:H, and silicon nitride. 

deposition period of 10 min has been used, which yields a layer thickness of ~ 50 nm. 

Measurements, using test structures incorporated on the wafer, yield a dark conductivity 

of 280 0cm. The ohmic contact between the Cr layer and n + layer is confirmed by 1-V 

measurements on the test structures. The patterning of the n + layer was also performed 

using KOH solution. Its etch rate is similar to that of intrinsic a-Si:H. 

Silicon Nitride 

Silicon nitride serves as a masking material for patterning the a-Si:H and metal layers. 

The choice of silicon nitride over silicon oxide is determined by the lower defect and 

trapped charge densities that can be achieved at low deposition temperatures ( < 400° C). 

These nitride films are deposited by dissociation of a mixture of ammonia and silane 

(N H3/ SiH4) in the PECVD system. A nitride-rich film (deposited with the gas ratio 

of 10 : 1 between N H3 : SiH4) is used as it is reported to produce device quality 

nitride layers [23]. The deposition conditions are listed in Table 2.1. For all the samples 

prepared for this study, a deposition time of 23 min was used to produce nitride films 

of thickness ~ 280 nm. This thickness is found to provide the necessary protection 
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against the KOH. C-V measurements at 100 kHz on test capacitors based on Cr-nitride 

sandwiches yield a relative dielectric constant of~ 5.2 for the silicon nitride deposited at 

260° C. It is also found that the dielectric constant varies with the deposition temperature. 

The quality of the nitride layer is critical, since the existence of a large number of pin­

holes could undermine the integrity of the nitride film, and allow the etchants to attack 

the underlying a-Si:H and metal layers. A base pressure lower than 8 x 10-e torr, clean 

gas lines, and a clean chamber ensures reasonably high quality films. 

The pattering of the nitride layer is achieved by either a dilute solution of hydrofluoric 

acid (5% H Fand 95% H20), for fast etch rate, or buffered hydrofluoric acid (49% HF 

and 40% N H4F), for a slower etch rate and hence, better control. 

2.1.2 Metal Films 

In the proposed detector structure the metal films not only connect the devices to the pads 

and hence, the outside world, but also provide the conversion mechanism to transfer 

X-ray photons to energetic electrons. With the latter, the study of the fabrication and 

interface properties of the metals and a-Si:H is crucial. Since compatibility with the 

standard TFT process is a main criterion in this research, the metals investigated include 

Cr, Mo, W, Al. The metal layers were sputtered using the Canadian Vacuum Equipment 

(CVE) and the EDWARDS sputtering systems. The CVE system has a single chamber 

with a capability of DC sputtering from one target. The vacuum level in this system can 

reach 5 x 10-7 torr. The EDWARDS system is also a single chamber system, with a 

capability of holding 3 target materials for either RF or DC sputtering. The base pressure 

in this system can reach 5 x 10-s torr, which is desirable for achieving high quality 

interfaces. All the thickness measurements were performed using DEKTAK IIA with a 

vertical resolution of 200-2000 A/ mm. The accuracy following the technical data sheet 
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Figure 2.3: Cross sectional view of the interface between Cr and a-Si:H. 

is 5%. These thickness values were also confirmed using a bifocal microscope, surface 

scanning microscope, and scanning electron microscope (SEM). 

Chromium 

The diode back contact is formed by sputter-deposition of a chromium (Cr) layer using 

the CVE system. A number of factors make Cr a suitable material for the back contact: 

good stability in high temperatures, good resistance to the a-Si:H etchant, and ohmic 

contact formation to then+ layer. The Cr can also be used as Schottky contact; the draw­

back of Cr is its low atomic number (Z = 24), which gives a low attenuation coefficient 

for X-ray photons. Furthermore, the Cr does not form a smooth interface with overlaying 

nitride passivation layer (Fig. 2.3). 

The process conditions used for the deposited films are shown in Table 2.2. Under 

these conditions, Cr can be deposited with an average rate of~ 38 ± 6A/ min measured 
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Figure 2.4: Variation of Cr thickness with deposition time. 

for four different thicknesses over a sample size of 38 (Fig. 2.4); this is lower than the 

50 A/min reported in (23]. The film nonuniformity on different corners of a wafer was 

~ 15% over 17 samples, arising mainly from the angle that the wafer holder makes 

with the horizontal level. The thickness variation among different wafers on a deposition 

run was ::::::: 6% over a sample size of 15. The deposited films over different deposition 

runs show a nonuniformity of :=::: 10% over a sample size of 33, since the film thickness 

strongly depends on the substrate rotation, which is set manually. The film resistivity 

measured by the four point probe method was (5.5 ± 0.8) x 10-4 !km. The quality of 

the film strongly depends on the base pressure of the deposition system, and special care 

needs to be taken to achieve low pressures, such as heating the chamber before deposition 

and allowing sufficient time to achieve low pressures. 

The Cr layers were patterned using a mixture of eerie ammonium nitride and acetic 

acid with the following ratio: 

120 gr 
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100ml 

500ml 

This solution gives an etch rate of20 ± 4A/min. 

Molybdenum 

17 

The popularity of molybdenum (Mo) in a-Si:H technology stems from good thermal 

stability and relatively higher electrical conductivity compared to chromium (a signifi­

cant issue for pixel addressing). Sputter-deposition of Mo on intrinsic a-Si:H produces 

smooth interfaces (Fig. 2.5). Moreover, thick layers of Mo ( < 1.1 µ.m) can be deposited 

on a-Si:H without any limitations due to internal stress, which might otherwise cause the 

films to peel off. Molybdenum also has a higher atomic number (Z = 42) which makes 

it more suitable for photoelectric absorption of X-rays. The only drawback for Mo is that 

KOH attacks Mo layer as well as the a-Si:H. Thus, it is essential to mask the Mo layer 

when in a KOH solution. 

The deposition of the Mo layers was performed using the EDWARDS sputtering 

system; the deposition conditions are presented in Table 2.2. Under these conditions, a 

deposition rate of 125.4 ± 5.6 A/min has been achieved (Fig. 2.7). 

The measurement of Mo thickness were performed on test glass wafers accompany­

ing the samples during the deposition. With these wafers, the local uniformity of the 

deposited films measured over an area of 125 x 125 µm, using the surface scanning 

microscope, was better than 99.25% over a sample size of 6 (Fig. 2.6). The thickness 

variations on different comers of a test wafer measured by DEKTAK Il were less than 

5.4% over a sample size of 13. The measured variations in thickness of the layers de­

posited on different runs, with identical deposition conditions and time, was below the 

accuracy of the DEKTAK II system over a sample size of 5. 
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Figure 2.5: SEM of the interface between Mo and a-Si:H. 

The patterning of the Mo layers was achieved using a mixture of 

HaPO4 456ml 

CH3COOH 36 ml 

HNO3 18ml 

H2O 90ml 

18 

At room temperature, this solution results an average etch rate of30.1 ± 3.5 A/min. 

The measured resistivity of the films yields an average of (1.8 ± 0.32) x 10-5 0cm 

measured over a sample size of 10. 

Tungsten 

Deposition of tungsten (\V) on a-Si:H also creates a Schottky barrier, with interface prop­

erties similar to that of Mo (Fig 2.8). However, the internal stress caused by depositing 
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Figure 2.6: Surface smoothness of the deposited Mo film, measured 

using a surface scanning microscope. 
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Figure 2. 7: Variation of Mo thickness with deposition time. 

thick layers of W ( < 0.4 µm) causes films to peel off. Therefore, despite the larger 

atomic number (Z = 74) which gives a high attenuation coefficient, tungsten is not used 

as the Schottky metal. 

The deposition conditions for Ware similar to Mo (see Table 2.2), using the ED­

WARDS system. Based on these settings, an approximate deposition rate of 68±6 A/ min 

has been achieved. The W films were patterned at room temperature using a mixture of 

[24, 25], 

KH2P04 34gr 

KOH 13.4 gr 

K3Fe(CN)e 33gr 

H20 ll 

The four point probe resistivity measurements of the films show a conductivity of 
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Figure 2.8: SEM cross section ofW/a-Si:H interface. 

(7.5 ± 1.2) x 10-5 0cm. 

Aluminum 

The high conductivity of aluminum (Al) makes this material desirable for large area 

arrays. However, due to poor thermal stability, the material is limited to top level inter­

connects. On contact with intrinsic a-Si:H, aluminum not only gives a Schottky barrier, 

but also causes crystallization at the interface (Fig. 2.9). The exact mechanisms resulting 

in this behavior have not been completely understood, hitherto. The low atomic num­

ber of aluminum (Z = 13) also gives a small X-ray absorption; therefore, this material 

is not suitable for the Schottky metal. Moreover, further applications of this metal for 

integrated Schottky diodes and TF'f s requires special care and use of barrier metals. 

The deposition parameters for Al are shown in Table 2.2. These settings yield a 

deposition rate of 17 4 A/ min. The patterning of the Al layers was achieved using a 
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Figure 2.9: SEM cross section of Al/a-Si:H interface. 

mixture of, a solution similar to that of Mo was used, 

H3P04 456 ml 

CH3COOH 36 ml 

HN03 18ml 

H20 90ml 

The resistivity of the deposited films was measured at (3.1 ± 0.1) x 10-60cm by 

the four point probe method. 

2.2 Fabrication Process 

The Schottky diodes were fabricated by vertically stacking different layers on a Corning 

7052 glass substrate. The flow of the process is shown in Fig. 2.10. The process starts 
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I Process conditions-Material II Cr Mo w Al 

Sputtering System CVE EDWARDS EDWARDS EDWARDS 

DCPowerCN) 400 - - 400 

RFPowerCN) - 400 400 -
Temperature (°C) Room Room Room Room 

Gas Ar Ar Ar Ar 

Gas Flow (seem) 30 -40 75 75 75 

Base Pressure (mTorr) 5 X 10-7 5 X 10-s 5 X lQ-8 5 X 10-s 

Process Pressure (mTorr) 2 X 10-2 8 X 10-3 8 X lQ-8 8 X 10-s 

Rotation (rpm) 10 cont. cont. cont. 

Deposition rate (A/min) ~ 38 ~ 125 ~68 ~ 174 

Table 2.2: Deposition conditions for various metal films. 

with RCA cleaning of glass wafers (Appendix B), followed by sputter deposition and 

patterning of Cr to form the back contact (mask #1). Subsequently, the samples are 

loaded into the Plasma Therm system for deposition of n+ and intrinsic a-Si:H layers. 

After this deposition step, samples are quickly removed from the Plasma Therm system 

and are loaded into EDWARDS sputtering system for deposition of top metal (Schottky 

metal). In all the samples prepared for this study, the period between introducing nitrogen 

to Plasma Therm chamber and establishing a vacuum ( < 10-1 torr) in the EDWARDS 

chamber was less than 5 min. Following this deposition step, the top metal films were 

patterned (mask #2), and the samples were loaded into Plasma Therm again for silicon 

nitride deposition. Subsequently, the protective silicon nitride layer was patterned to 

define the devices (mask #3) and to protect the top metal against KOH. Following this, 

the Schottky diodes were isolated by removing intrinsic and doped a-Si:H layers. To 

avoid side wall conduction paths, the area of a-Si:H layers was designed to be larger than 
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the top metal by(~ 2µm). Finally, etching silicon nitride from the pad areas defines the 

last step of the process (mask #4). Figure 2.11 shows a photograph of a die and electron 

micrograph of a fabricated Schottky diode. The integrity of the protective silicon nitride 

is essential for the fabrication yield. As shown in Fig 2.12, a large density of pin--holes 

could undermine the integrity of the various layers on the wafer. 

2.3 Electrical Characteristics 

Due to its desirable material properties, Mo has been selected as the suitable metal for X­

ray detection. Therefore we have focused on characterizing Mo/a-Si:H Schottky diodes. 

The barrier height for Mo/a-Si:H Schottky diodes was measured to be 0.77 eV, by 

measuring I-V characteristics over a temperature range of250-300 K, and by generating 

an Arrhenius plot, i.e., activation energy against inverse of the temperature. 

Typical 1-V characteristics of Mo/a-Si:H Schottky diodes of different areas are shown 

in Fig. 2.13. A DC parametric test system, comprising Keithley 236 Source Measure 

Units (SMUs), was used for the characterization of the Schottky diodes. The current 

measurement resolution of the SMUs was 100 / A. Test sequencing and data acquisition 

were accomplished using a Keithley 2361 Trigger Controller and a dedicated PC. These 

diodes present an on/off ratio of ~ 106 at ±1 V. The reverse current density is lower 

than 10-1 A/cm-2 at -1 V. A typical C-V measurement is shown in Fig. 2.14, These 

measurements were taken using the Keithley 590 CV analyzer. Keithley 595 quasistatic 

CV meter, and Keithley 230 programmable voltage source with a resolution of 0.1 pF. 

Often the c-2- V graph is used to extract information about the density of ionized centers 

in crystalline silicon, using, 

(2.1) 
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Figure 2.10: Fabrication sequence for Mo/a-Si:H Schottky diodes. 
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Figure 2.11: Photograph of fabricated die (top) showing detectors with 

various area; test structures are in the middle of the die; corresponding 

SEM (bottom) of Schottky diode. 
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Figure 2.12: Integrity of the masking nitride layer in KOH etching. 
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Figure 2.13: Typical I-V characteristic of fabricated Mo/a--Si:H Schot­

tky diodes with various geometries. 
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where ND is the density of ionized centers, A is the area, En is the dielectric constant 

of a-Si:H (~ 11.9), e0 is the dielectric constant of vacuum, q is the electron charge 

(1.6 x 10-19), and V is the total voltage. However, for a-Si:H due to low mobility of 

free carriers, c-2 does not vary linearly with voltage (Fig. 2.15). Therefore, fitting using 

(2.1) can not give correct values for the density of ionized centers. 
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Figure 2.14: Typical C-V characteristic of a (200 µm) 2 Mo/a-Si:H 
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Figure 2.15: Typical c-2-V characteristic of a (200 µm) 2 Mo/a-Si:H 

Schottky diode. 
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Chapter3 

Stability 

An issue critical to applications of a-Si:H devices is the metastability intrinsic to the 

amorphous silicon. This metastability yields an electrical characteristic that varies with 

time. For Schottky diodes, the metastability manifests itself in terms of a time-dependence 

of the diode reverse current, which ultimately limits the sensitivity of the detector since 

detection is accomplished by comparing the reverse currents in the presence and absence 

of X-rays. Therefore, an investigation of the time-dependent reverse current, including 

identification and reduction of possible sources is essential for detector operation. 

In Section 3.1, the sources of metastability intrinsic to a-Si:H are investigated. Sub­

sequently, in Section 3.2, the mechanisms causing the reverse current are studied. The 

experimental method is explained in Section 3.3, and a discussion of results in Section 

3.4. 

30 
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3.1 Mid-gap States 

Many of the unique properties of the a-Si:H arise from its large density of states in the 

band gap, e.g., metastability, low mobility, and large optical absorption. These states 

are mainly due to the random structure of the a-Si:H, where a large number of silicon 

atoms can not fulfill their valence states by bonding to four other silicon atoms, thereby 

forming dangling bonds. This not only causes a large defect density in the middle of the 

band gap, but also broadens the conduction and valence bands into the gap, thus forming 

extended states, tail states, and deep states (i.e., smearing of band edges into the gap). 

The density and distribution of these states in the band gap determine various electrical 

and optical properties of the amorphous silicon, including electrical conduction, mobility, 

and optical absorption. Often the distributions of the band tail (ge) and deep states (gd) 

are represented by exponential functions as (Fig. 3.1) [26, 27, 28], 

g,(E) = g1oexp ( kt) (3.1) 

and 

(3.2) 

where 9to is the density of tail states on the bottom of the conduction band(~ 1021c:m-3eV-1), 

gdo is the density of the defect states at the bottom of conduction band(~ 9.6 x 1018cm-3ev-1 ), 

E is the energy from the bottom of the conduction band, fJ is the absolute temperature, 

k is the Boltzman's constant, 8c is the characteristic temperature of the tail states rang-

ing between 250 - 300 K, and 8" is the characteristic temperature of the deep states 

c~ 1000 K) (221(26]. Similar distributions exist for the tail of the valence band, with 

8v ~ 400 - 450 K. 

Due to the large number of scattering events, the electrons trapped in the band tail and 

deep states are localized, and their transport is restricted to tunneling to other mid-gap 

states or to thermal excitation to the conduction band. 
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Figure 3.1: Density of states distribution in the band gap of a-Si:H. 

3.2 Time Dependent Reverse Current 

32 

The reverse current in the a-Si:H Schottky diodes can originate from a number of sources, 

including the release of trapped charges, thermal generation, thermionic emission, and 

tunneling (29, 30, 22, 31, 32]. These components can be affected in a number of ways 

by the instabilities intrinsic to the a-Si, causing the temporal variations of the reverse 

current. The prevailing mechanisms are primarily determined by the magnitude of the 

reverse bias. Therefore, our study of the time dependent variation in reverse current is 

classified into its behavior at low biases and at medium biases. 

3.2.1 Low Biases 

At low biases ( < 3 V), it is believed that the reverse current mainly consists of trap 

discharge, thermal generation, and thermionic emission current [33, 34]. In this range of 

voltages, tunneling is assumed negligible due to the small electric field at the interface. 

The trap discharge component is caused by the release of trapped charge from mid• 
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gap states and is the dominant component. In equilibrium, mid-gap states located below 

the Fermi level are occupied by the trapped electrons. The population of these states are 

in a thermal balance with the number of electrons in the the conduction band (nc) [35], 

as 

- -~ne + E riftit, 
i 

(3.3) 

where ~ is the trapping rate to the ith trap state, n. is the population of trapped electrons 

in the i th trap state, and Ti is the thermal generation rate, which is defined as 

(3.4) 

where Ei is the energy level of ith trap state, which is defined from the edge of the 

conduction band, andw0 is the escape frequency (oc 1012 s-1). 

Shortly after applying the reverse bias, the electrons from the conduction band and 

extended states are swept away by the electric field. Therefore, the balance condition 

between conduction band and trap states is removed. Here, the thermal release becomes 

the dominant mechanism, and the elapse of time enables the trapped electrons to gain 

the necessary energy to escape from the trap states and reach the conduction band. This 

causes the quasi Fermi level to move downwards in the band gap. In the conduction 

band, the released electrons drift in the direction of the applied electric field to contribute 

to the reverse current. However, the electrons experience further scattering events while 

drifting towards the terminals, where they can lose their energies and be trapped again 

in the shallower states. The overall transport is achieved by multiple trap-and-release 

events which causes dispersive transport (Fig. 3.2) [36, 37]. In dispersive transport, the 

charge packet is broadened while traveling through the material, and the current on the 

other terminal presents time dependence as in (Fig. 3.3), 
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(3.5) 

where a = fJ /Be. Relation (3.5) is only valid for time scales smaller than the transient 

time (r), which can be approximated as, 

(3.6) 

Here, d is the distance traveled, /.'D is the drift mobility, and F is the electric field. 

Thus, the overall time dependence resulting from this component consists of the time 

required for the initial release of the trapped charges, plus the time it talces for the released 

charge to reach the output terminal. 

The dispersive transport also controls the filling of the traps; thus, it affects the flow 

of the current to the diodes after the bias stress is removed. This can be further quantified 

by considering that the rate of trap filling is proportional both to the number of traps 

available to be filled and the number of electrons per second available to do the filling. 

Following this assumption, the latter quantity is simply the dispersive current observed 
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Figure 3.3: Typical transient current caused by dispersive transport. 

during trap emptying. The number of available traps is Ntot - N(t), where Ntoe is the 

total number of traps in the volume between the present and previous positions of the 

depletion region and N(t) is the number of occupied traps at time, t. Hence, the rate of 

change of occupied traps is 

dN(t) = qC C [N. - N(t)] t-<1-a} dt 12 tot , (3.7) 

where C1 is the dispersive transport coefficient, q is the electronic charge, and C2 is a 

coefficient representing the capture cross section of the process. Solving (3. 7) for N ( t) 

gives 

(3.8) 

where we note that the number of filled traps is related to Q( t) by the electronic charge. 

The current in the relaxation period, I(t), is related to dN(t)/dt, so it displays a more 

complex time dependence than the simple stretched-exponential. 

After the initial discharge of the trap states, the system reaches a steady state that is 

determined by thermionic emission and thermal generation. In this situation, the contri-
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bution of thermal generation to the reverse current can be approximately shown as, 

( 
E91-Ec) 

Jth = qg(EqF)kBwoexp kfJ V, (3.9) 

where EqF is the quasi Fermi level, g( E91 ) is the density of trap states at the position of 

quasi Fermi level, and V is the volume of the device. Relation (3.9) is obtained based on 

the assumption that the mid-gap states located within a distance of kB around the quasi 

Fermi level can contribute to the reverse current. Assuming g(E91 ) = 1017 cm-3eV-1, 

E9F - Ee = 0.9 eV, and w0 = 1013 s-1 [22], yields a current of~ 4 x 10-14 A for 

a 200 x 200 x 0.45 µ,m3 diode. The thermal generation rate is not expected to vary 

significantly with time, hence its contribution to the time dependent reverse current is 

not considered. The metastability can affect the thermal generation rate only by altering 

the density of defect states. However, such variations at low biases are not observed 

experimentally. 

Thermionic emission, another mechanism contributing to the reverse current, will be 

discussed in great detail in the next section. At low biases, however, it is not expected 

that this component causes any time-dependent variations in the reverse current. This is 

mainly due to a small electric field at the interface. 

3.2.2 Medium Bias 

In the medium bias range (3 V to 7 V), we assume that the reverse current mainly stems 

from thermionic emission and tunneling. In thermionic emission, the transport of an 

electron to the conduction band is achieved by thermal excitation over the barrier (¢,0). 

Hence, the resulting reverse current strongly depends on both the temperature and height 

of the encountered barrier. Ideally, the barrier height is related to the difference between 

the metal work function and the semiconductor affinity, and is a constant. But in fact, the 
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barrier height encountered by an electron is modified in a number of ways, viz., image 

force lowering, and trapping of charge on the interface. The modified barrier is often 

referred to as effective barrier height ('Pe/,). 

It is also possible for electrons with energies lower than the barrier height to penetrate 

through the barrier to the a-Si conduction band, by quantum mechanical tunneling. In 

general, the tunneling rate depends on the width and the height of the barrier; the barrier 

width encountered by an electron depends on its thermal energy (Fig. 3.4). Therefore, 

the resultant current is also temperature dependent, and this mechanism is sometimes 

referred to as thermionic field emission. The barrier width also depends on the bending 

of the conduction band, which is related to the electric field inside the depletion region. 

Furthermore this electric field is controlled by the applied bias and the depletion width. 

In a-Si devices, the depletion width can vary with time, even for a constant applied 

bias (Fig. 3.5). The reason for this behavior can be established by considering the dis­

torted band structure of a-Si, and the existence of defect states inside the band gap. Usu­

ally, these defect states result from dangling bonds with the three possible charge states 

of D-, D0
, and n+, where D+ denotes a dangling bond with no electron, D0 to a singly 

occupied, and D- to a doubly occupied dangling bond. 

In equilibrium, the defect states located below the Fermi level are occupied by trapped 

electrons. The applied reverse bias quickly removes the mobile electrons from the con­

duction band and the extended states, but not the electrons trapped in deep defect states. 

The trapped electrons mask the depletion charge (mainly resulting from ionized defect 

sites) and causes the depletion region to be larger than the steady state value. With time, 

trapped electrons can gain the necessary energy to escape from the trap states, hence 

allowing the depletion width to decrease. Eventually, the depletion width approaches its 

steady state value, which is larger than its zero bias value. 
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Figure 3.4: Schematic view of the two reverse current mechanisms: 

thermionic emission and tunneling; w represents the depletion width, 

u is the electron thermal energy, E,. indicates the Fermi level in a-Si. 

E1m is the metal Fermi level, and T 2 is the tunneling probability. The 

reverse current can be symbolically shown as a combination of current 

source (the flow of electrons towards the barrier) and a pass transistor 

(the tunneling rate), which is controlled by the thermal energy of the 

electrons. 

38 



CHAPTER 3. STABILITY 

'::. Tunneling 
•. 

•· ... 

·······················t=O 
........... . ......... . 
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For the time scale of interest in this study, the time-dependent changes of the defect 

charge follow a stretched exponential form [38] [22]. Thus, similar dependencies are 

expected for the depletion width and the reverse current. Such a time-dependent behavior 

can be further quantified by examining the reverse current resulting from the thermionic 

emission and the tunneling process. For thermionic emission, the current can be obtained 

from [39] 

JTB = 1
00 

qv:,:dn, (3.10) 
ls,m+'lrf>en 

where vz defines the velocity of the electron in the z direction and dn defines the number 

of electrons with that velocity in the :z: direction. In relation (3. l 0), it is assumed that all 

the electrons with energies above the barrier can overcome the barrier and contribute to 

the current. The number of electrons in a particular energy range of E to E + dE is given 

by multiplying the density of available states (N(E)) by the probability of occupancy 

(F(E)) as 

dn - N(E)F(E)dE 

- 4,r(2m")afz ✓E-E ( E - E1m.)dE 
h3 Im exp klJ , (3.11) 
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where m• is the isotropic effective mass of electrons, E1m is the Fermi level of the metal .. 

and h is Planck's constant. The energy of a mobile electron can be approximated by its 

kinetic energy, so, 

E E 1 . 2 - ,=-mv 2 ' (3.12) 

where v2 = v; + v; + v;. From {3.10), (3.11) and (3.12), the thermionic current can be 

shown to be, 

(3.13) 

Rewriting (3.13) in Cartesian coordinates and integrating overy and z give, 

21rqm:2k8 J.00 m•v2 

JTs = h3 Vo# V;: exp(- 2k8 )dv:r:, (3.14) 

where Vaz = ✓2q!~", defines the minimum velocity needed to overcome the barrier. 

Defining the kinetic energy ( u = ½m·v;), 

A*82100 u 
JTB = kB q(/lefl exp(- k8)du, {3.15) 

where A· is Richardson's constant, given by 

• 41rqm*k2 

A = h3 ' (3.16) 

which is approximately equal to 120A/(cm.2 K2 ), assuming a free electron mass. For 

tunneling, the current can be divided into a two step process: the electron current reach­

ing the barrier and the fraction that passes through the barrier. The latter is given by 

tunneling probability ( If Tl(2), so 

(3.17) 

Commonly, for a slowly varying potential barrier, the tunneling rate is calculated using 

the Wentzel-Kramers-Brillouin (WKB) approximation, which expresses the transmission 
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of a particle through a given barrier [ 40]. For this reason, the metal/a-Si barrier is usually 

approximated by a triangular potential (V(z)) such as [41], 

V(z) = </>el/ - qFz, (3.18) 

where <Pel I is the effective barrier height, q is the unit charge. F is the electric field in 

the depletion region of a-Si, and z denotes the distance away from the interface. Here, 

the maximum height of the barrier (Vmoz) occurs at the interface (z = 0), and is equal to 

the effective barrier height ( </>e/ 1 ). Since the triangular approximation can describe the 

barrier very well only close to the interface, F is usually considered to be constant at the 

maximum value of the electric field, which occurs at the interface. Using (3.18) for the 

barrier and assuming a thermal energy equal to u, the transmission probability (IITll 2) 

can be shown to be 

IIT(u)ll2
::::: exp [-c8

;· )112 I d,:r;Jtf,.,/1 - qFz - u']. (3.19) 

The tunneling current can be obtained by multiplying the transmission probability of 

the electron current reaching the barrier with a given thermal energy and by performing 

a summation, giving 

(3.20) 

or 

(3.21) 

Finally the net reverse current is 

(3.22) 

Unfortunately, there is no analytical solution for Jtot, and numerical evaluation is the 

only possibility. Such numerical calculations yield the behavior shown in Fig. 3.6. For 
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Figure 3.6: Variation of reverse current with electric field. 
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the moderate biases (electric fields above 2 x 105V/cm), the numerical results of the 

reverse current can be modeled as [42] [43] [41) 

(3.23) 

where a is the effective tunneling parameter, which depends on process dependent pa­

rameters such as the dielectric constant, the effective mass, the surface charge density, 

and the potential barrier profile. From relation (3.23), time variations of the reverse cur­

rent can be related to the time dependence of the electric field. In a-Si:H, due to the 

metastable changes triggered by the movement of the quasi Fermi level [44], it is diffi­

cult to define a distribution of ionized sites. But we can still introduce a net density of 

ionized states that produces the same electric field at the interface; hence, 

(3.24) 

where Ni,(t) is the time-dependent net density of ionized defect states (positive sites, 

D+) and V eat is the potential across the depletion layer. The time variations of the ionized 
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sites follow the expression 

where N0 is a parameter that defines the change of the defect density from its initial 

value Ni, ND is the final density of ionized defect states, re is a time constant, and f3e is 

a constant that depends on the characteristic temperature of mid-gap states. From (3 .24) 

and (3.25), 

(3.26) 

which can be approximated to (assuming No < ND and ignoring higher order terms in a 

Maclaurin expansion) 

From (3.23) and (3.27), the time-dependent reverse current becomes 

T _ A•T2 [- (t/>o - all FIi - allF(t)II)] 
Jt.ot - exp q kfJ • (3.28) 

In addition to the variations of the electric field, the trapping of holes and metastable 

changes at the interface can also contribute to the time-dependent reverse current. As a 

result of the applied bias and the extension of the depletion region, a packet of holes is 

swept away by the electric field, drifting towards the interface. Part of this packet gets 

trapped in the mid-gap states that exist at the interface. Trapping of holes can result in 

D- ➔ D0 or D0 ➔ n+ transitions, thereby increasing the tunneling current by means of 

assisted tunneling (Fig. 3.7). Further, the holes can get trapped in the thin interfacial layer 

where they reduce the effective barrier height. Under most circumstances ( assuming that 

the occupation of interface states is determined by the metal Fermi level), both of these 
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mechanisms result in modification of the tunneling parameter a as, 

a= a1 + a(t), (3.29) 

where a I is the time-independent component of a, and a( t) is the time-dependent com­

ponent. For a simple triangular approximation, we assume 

a(t) ex Ntrap-h, (3.30) 

where Ntra.p-h is the number of holes that get trapped in mid-gap states. The trapping of 

holes is directly related to the rate at which they reach the interface (dispersive transport), 

and the probability of trapping in the mid-gap states [33]. Therefore, 

dNtrop-h _ I" [N. _ M ] t-(l+ar.) 
dt - ', T/ o-h tra.p-h , (3.31) 

where ( is the capture cross section for boles, and q is the dispersive transport coefficient. 

From (3.31), 

N1rop-h OC { 1- exp [- (:t]}, (3.32) 

where Th is the time constant for the hole trapping. and f3h depends on the dispersive 

transport From (3.29), (3.31), and (3.32), 

(3.33) 

where a,. is the relative change of the tunneling parameter. From (3.28), (3.29), and 

(3.33), 

Ji = A•T2 {- [t/>o - (ao + a(t))(IIFI( + IIF(t)II]} 
~ exp q kT • (3.34) 

This expression will be compared with experimental data in section 3.4. 
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Figure 3. 7: Effect of charge trapping on the reverse current mecha­

nisms. 

3.3 Measurement Setup 

45 

The electrical stressing experiments were performed in a dark, shielded environment 

using Keithley source measure units (SMU model 236) to provide a constant reverse 

bias to the sample for prolonged times (up to 3 hours), with a resolution of 10 µ V. The 

current readings were taken at equal intervals of 0.4 s, owing to the integration time 

of the equipment, and with a resolution of 10 f A. Due to the extra time required for 

establishing the measurement parameters, the first data point was recorded 0.6 s after 

the application of the bias. Data acquisition and the control of the experiment were 

performed by a personal computer. 

The measurements were performed by subjecting fresh devices to consecutive cycles 

of voltage stress, 300s of zero-bias relaxation, and thermal annealing (Fig. 3.8). Thermal 

annealing at 150°C for two hours ensured the removal of metastable defects. Care was 

taken to ensure that the voltages during the stress periods were in ascending order to 



CHAPTER 3. STABILITY 

Fresh Sample 

Electrical Stress 
up to 3h 

Relaxation Thermal Annealing 
300 s 1----eoi 2h @ 150° C 

Figure 3.8: Measurement sequence for studying the time-dependent re­

verse current variation. 

ensure the results were measured for undamaged devices. 

3.4 Experimental Results 

46 

Typical time .. dependent reverse current for different bias voltages is shown in Fig. 3.9. 

Here a sample was voltage-stressed, allowed to relax at zero volts, and then thermally 

annealed prior to the next voltage stress cycle. Reproducibility of the time-dependent 

characteristics was examined for more than 20 samples. In the low bias regime (V < 

3 V), the current initially decays with a power law dependence, and then levels off at a 

lower value which depends on the bias. In contrast, at medium biases (3 V < V < 7 V), 

the current initially follows a similar variation to that at low biases, but subsequently 

increases by several orders of magnitude and levels off at the higher value. 

3.4.1 Low Bias Behavior 

Toe time-dependent behavior illustrated in Fig. 3.9 is also observed with Schottky struc­

tures of other metals, e.g., W. This suggests that interface conditions are less likely to 
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Figure 3.9: Typical variation of reverse current against time for different 

bias values. 
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be important at low biases. Furthermore, the bias stress curves are reproducible regard­

less of the inclusion of the thermal annealing step. This observation suggests that the 

behavior at low biases is not due to a metastable change in the material, but most likely 

originates from a reversible effect. Figure 3.10 shows a low bias behavior for a single 

device operated at several values of V..cv, and the inset presents the log-log plot of the 

current decrease over the first 10 s. This reveals that variation of the reverse current is as, 

(3.35) 

with ; = 0.44 at a reverse bias of 1.5 V. Considering the average initial release time 

of 10 ms, as predicted for a Fermi level initially located at 0.6 e V below the conduction 

band, the release time of carriers is insignificant in the time scale of this experiment. 

Also considering the transit time (10 µs ), this behavior can be associated only with the 

tail of a dispersive decay. 

The results for a typical relaxation behavior at zero bias is shown in Fig. 3. l l for 

a device which has been stressed previously for l h at V.ev = 1 V. It is clear. that the 
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Figure 3.10: Variation of reverse current with time for a Schottky diode 

at the indicated reverse biases. The inset shows a log-log plot of the 

initial current variation for the same biases. 
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characteristics are not linear on this log-log scale, indicating that the recovery current 

does not follow the power law observed during the stressing period. Also shown in 

Fig. 3 .11 is the same data plotted in terms of the cumulative charge transferred, Q ( t), 

calculated from the summation of the products of the current and the appropriate time 

intervals. The fitted curve shown in Fig. 3.11 is a stretched exponential of the form 

(3.36) 

with, in this case, T = 10 s, f3 = 0.9, and Qtat = 3.9 x 10-11 C. This figure for the charge 

ejected during the stressing period is approximately equal to that recovered during the 

relaxation period, as would be expected. 

It should be noted that the above value of Q tat does not include the charge transferred 

before t = 0.6 s, the first data point. Although the current is higher at smaller values 

of 4 the area under the curve is dominated by the behavior at large t. Assuming that the 



CHAPTER 3. STABILITY 

Figure 3 .11: 11Ille dependence of the zero-bias relaxation current and 

the cumulative charge transported. The solid line indicates a stretched­

exponential fit to the data points. 
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spatial density of traps is constant, Q tot should therefore be proportional to ✓Vo + v;.cv 
from the depletion approximation [39), where Vi, is the built in potential of the Schottky 

diode. This relationship has been confirmed from the exponential data for both stress and 

relaxation periods. 

From these results, the total number of traps between the initial and final positions of 

the depletion layer (t ➔ oo) can be estimated at N tot = Q( oo) / q = 2.4 x 108 traps. 

3.4.2 Medium Bias Behavior 

A typical time-dependent reverse current characteristic at -5 V bias is depicted in Fig. 

3.12. Shortly after applying the reverse bias, the current shows an small decay, which is 

related to removal of electrons from the conduction band and the release from shallow 

tail states and further transport through the neutral region in a-Si [33]. Once the shallow 

states are evacuated, the current levels off at a low value for a short period. After this short 

period, the current rapidly increases, which is attributed to discharging of the negatively 
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Figure 3.12: Time-dependent reverse current at -5 V bias. The solid 

line corresponds to fit resulted from relation (3.34), using f3e = 0. 7, 

Te = 3, /3h = 0.6, and Th = 8. 
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charged defects at the interface. The further increase in the reverse current results from 

the collapse of the depletion region and the associated increase of the electric field. The 

reverse current eventually stabilizes at a certain value. 

In order to describe the time-dependent current variations, we focus our analysis to 

the period in which the conduction band and extended states are depleted from electrons. 

The resulting variations using relation (3.34) are depicted in Fig. 3.12 as solid line. 

This fit yields the numerical values listed in Table 3.1. These values are consistent with 

the numerical values that have been extracted for these devices experimentally or with 

those found in the literature. Most of these parameters are closely related to the detailed 

fabrication process and must be characterized for each process. In particular, the values 

for barrier height (¢,o), tunneling parameter (a), and final defect density (Nn) are among 

the most important parameters affecting the reverse current. The measurement errors 

in Richardson's constant have less effect on the final error, due to the slow variations 
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of the logarithmic function. Moreover the magnitude of the reverse current variation is 

less sensitive to /3e, /3h, Tc and Th; these parameters mostly determine the form of the 

variation. A summary of the methods used to extract these parameters is also provided 

in Table 3.1. 

For the present devices, the rather large density of final defect states compare to the 

other published values maybe related to possible presence of a slight phosphine residual 

in the intrinsic a-Si films, since these samples were prepared using a single chamber de­

position system. The tunneling parameter (a) reflects the interface quality and, for high 

quality metaVa-Si:H interface, values as low as 10 .A are reported [42]. The possible ex­

istence of residual oxygen and water in the deposition system may explain the presently 

high value for the tunneling parameter. This may also explain the low values for Richard­

son's constant and electron effective mass, which are consistent with the large inferred 

value of tunneling parameter and high density of defect states at the interface. 

3.4.3 High Bias Behavior 

Figure 3.13 illustrates the time-dependent reverse current for high biases. In contrast to 

both the low- and medium-bias cases, the initial state of devices cannot be restored either 

by providing sufficient relaxation time in a dark environment or by thermal annealing. In 

this case, the effects of bias are irreversible. After an extended stress period, the current 

decreases and the diode no longer exhibits rectifying characteristics. Post-bias-stress C­

V (Fig. 3.14) and C-t measurements suggest the lack of a depletion region, which could 

be attributed to structural changes in the device. 
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Parameter/Units Published Present Extraction Methods/ 

range values References 

m·/mo 0.05 - 0.1 0.007 [22 ][ 421(29] 

<Po (eV) 0.77 I - V in different T (391(22] 

or internal photoernission 

a (x10-1 cm) 1-10 4 I - V [221(42] 

a" ( x 10-7 cm) 3.5 

ND ( x1011 cm-3) 1-5 1.5 I - t at fixed V after 

stabilization, [45][31][32] 

Ni ( x101s cm-3) 0.3 -1 1 C - V and 1/C2 [22][31][32] 

No/ND 0.95 -1 0.95 Comparison between 

ND and Ni 

Ea-Si 11.9 11.9 [ 42] [221(32] 

Pe 0.45 -0.7 0.7 [22] 

Te (s) 3 

f3h 0.5 - 0.7 0.6 [22] 

Th (s) 8 

Table 3.1: Numerical values employed for calculating time-dependent 

variations of the reverse current in Mo/a-Si:H Schottky diode at medium 

biases. 
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Figure 3 .. 14: C-V measurements after prolonged stressing under 10 V. 
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Chapter4 

Electrical Noise 

The detection resolution is ultimately limited by the noise intrinsic to the device, particu­

larly at relatively low frequencies (/ ~ 10 kHz), which is the frequency range of interest 

for detector operation [46, 10]. Although the exact mechanisms underlying noise have 

not been accurately identified, the trap and release of carriers is suspected to play a dom­

inant role. 

4.1 Measurement Setup 

In the noise measurements, effects of extrinsic noise sources were minimized using the 

set-up shown in Fig. 4. L The Schottky diodes were reverse biased using high amp­

hour Sonnenschein sealed lead acid batteries and low noise metal film resistors. In these 

measurements, the value of the bias resistor (R) was chosen to be between 3.9 - 20 kn, 

depending on the signal level. The DC voltage drop across the resistor was filtered out 

using a high pass filter (HPF) with a comer frequency of 30 mH z. The noise signals 

were subsequently amplified using a EG&G Brookdeal 5006 low noise amplifier (LNA), 

54 
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Figure 4.1: Experimental arrangement for low frequency noise mea­

surements; S is the Schottky diode, R the biasing resistor, and B the 

bias source (battery). 
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which had a gain of 60 dB V. Power to the amplifier was supplied by similar, but 

separate, batteries in order to reduce possible noise coupling. The frequency response 

of the amplifier was 0.1 Hz to 1 MHz± 3 dB. Its equivalent input noise voltage was 

13 nV rms/ffz at 10 Hz and 4 nV rms/ffz at 1 kHz. The equivalent input noise 

current of the LNA was 14 / A rms/ffz at 1 kHz. The output of the LNA was fed 

into a HP 3562A Dynamic Signal Analyzer which performed the necessary fast Fourier 

transform operations to yield the noise voltage power spectral density. The Schottky 

diode, HPF, and LNA were all housed in a double shielded enclosure composed of inner 

copper and outer mum-etal boxes for shielding low frequency electrical and magnetic 

fields, respectively. The resulting system noise (at the LNA output), including the LNA 

and HPF, was better than -86 dB V/./Hz at 1 Hz and -110 dB V/.Jifi at higher 

frequencies where white noise predominates. 
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Figure 4.2: Measured power spectral densities for a 200 µm x 200 µm 

device at the indicated values of the reverse bias. 

4.2 Noise Behavior in a-Si:H Schottky diodes 

56 

Results of the noise behavior are shown in Figs. 4.2, 4.3, and 4.4 for/ ~ 100 kHz (47]. 

The spectra were retrieved from measured values of noise voltage PSD appearing across 

bias resistor, viz.,< v~ > / R2 • A series of test measurements showed that the resistor 

noise in the low frequency regime was much smaller than the noise from the Schottky 

diode itself. However, the resistor thermal noise was found to dominate at higher fre­

quencies, particularly at low reverse bias operation. This finding can be further studied 

in light of the measurement equivalent circuit presented in Fig. 4.5. The associated noise 

voltage sources can be found using 

< v~ > - 4kTBR,ivnm, 

< v? > - 4kTBR . (4.1) 
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Figure 4.5: Schematic of the measurement circuit (top) and its equiv­

alent noise circuit (bottom); B denotes the battery and S the Schottky 

diode. 

58 

where k is the Boltzman 's constant, T is Temperature, B is the bandwidth, R is the bias 

resistor, and ~vnm is the dynamic resistance of the Schottky diode. Thus, the voltage 

appearing in the input of the LNA is given by [ 48] 

(4.2) 

or 
2 4kT B RavnmR2 4kT B R3Jlllffl R 

< 110 >= (Ravnm + R)2 + (Bal/Rm+ R)2' 
(4.3) 

or 

i 4kTB Ravnm.R 
<Vo>= • (Ravnm + R) • {4.4) 

Since in all the measurements, R « Ra,,nm, the dominant source of white noise at 

high frequencies comes from the bias resistor. 
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The spectra presented here were averaged over 100 wavefonn acquisitions. Sufficient 

time was provided for the reverse current to reach a reasonably steady value. The reverse 

current, measured before and after each spectrum acquisition, had a variation of less than 

10%. 

1/ / Noise 

At low frequencies the measured noise current obeyed a 1/ /a spectrum, with Q ranging 

from 0.897 to 1.138. The measurements at various biases reveal the dependence of the 

noise current PSD on the reverse current as shown in Fig. 4.6. This dependence can be 

described by an empirical relation such as 

(4.5) 

where K is the flicker noise parameter. Measurements on diodes with various geometries 

further revealed the dependence of the flicker noise parameter on the geometry of the 

device. This dependence, illustrated in Fig. 4.7, can be approximated as (49] 

K~, 
A' 

(4.6) 

where A is the area of the diode , and 1 is a parameter ranging from ( 4 to 8) x 10-s cm 2, 

which is affected by the electrical stressing of the diode. Therefore, the overall I// noise 

current talces the form 

(4.7) 

Thermal Noise 

The source of noise in these detectors is the thermal noise associated with the dynamic 

resistance of the reverse biased diode. This component can be studied in light of the 
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Johnson-Nyquist relation [50, 51, 52], 

< v2 >= 4kTBRaJlflm., 
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(4.8) 

where k is the Boltzman' s constant, T is Temperature, B is the bandwidth, and RaJlflm is 

the dynamic resistance associated to the diode, which can be shown as 

(4.9) 

where dV is the incremental variation of the applied bias around the DC bias point, Yo 
is the bias point, and di is the associated incremental current change. Such incremental 

• variations can be further examined by using I-V relation for the reverse biased Schottky 

diodes, which can be approximated as 

(4.10) 
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where [0 is the leakage current at zero bias, and E is the electric field at the interface, 

which is given by 

(4.11) 

where V is the applied bias, ND is the density of ionized sites, and e,. is the relative 

dielectric constant of a-Si. 

Expanding (4.10) using Taylor's expansion around a bias point(¼) and ignoring 

higher order terms, yields [53), 

l(V) =I(¼)+ l'(¼)(V - ¼), (4.12) 

where['(¼) is the derivative of (4.10) at V = v;,. Rearranging (4.12), and using (4.9) 

gives, 

av 1 
Rttunm = dl = ['(Vo). 

Performing the differentiation for 4.10 results in 

By substituting (4.14) into (4.13), the dynamic resistance can be shown as 

kTe,.ea H. 
Rcivnm = <fa2ND I(¼). 

A typical behavior of ~unm with reverse bias is shown in Fig. 4.8. 

(4.13) 

(4.15) 

Using (4.15) and (4.8), the noise current component resulting from the dynamic re­

sistance of the Schottky diode can be shown by 

.2 4kTB 
< 1th >= Rtlvnm ' (4.16) 
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or 

(4.17) 

Shot Noise 

Current fluctuations in the Schottky diode give rise to shot noise. The shot noise compo­

nent exhibits a dependence on the reverse current, which is given as 

(4.18) 

where q is the electron charge. Due to the small values of the reverse current in the 

fabricated Schottky diodes (typically 1 - 100 pA), the shot noise remains below the 

noise level of the measurement setup. This is illustrated in Fig. 4.9, where the overall 

computed noise is compared with the experimental results. 

Total Noise 

The overall noise in the Schottky diodes is sum of the individual components: 

(4.19) 

Replacing various components in (4.19), using (4.7), (4.17) and (4.18), yields 

•2 1l;w 4kTBv'<fa2ND l(Va) 2 L 4 20 
<"tot>~ f A + JkTenEo v'¼ + q f'ev• ( • ) 

Figure 4.9 illustrates the measured noise current PSD for a 200 x 200µm2 detector. 

For comparison purposes, the computed values of various noise components are also 

included. Here, due to the measurement setup (see Section 4.2), the dynamic resistance 

of the diode and the load resistor are in parallel, so the thermal component of the noise 

is dominated by the load resistor. 
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Chapter 5 

X-ray Sensitivity 

This Chapter investigates the performance of the fabricated detectors in the presence 

of X-ray radiation. Experimental and numerical analyses of sensitivity have also been 

carried out to investigate the impact of various geometry and bias conditions on the sen­

sitivity. 

Section 5.1 introduces the principles of X-ray generation. This is followed in Sec­

tion 5.2 by an examination of possible interactions an X-ray photon can undergo while 

moving through a medium. The energy loss and absorption mechanisms of the gener­

ated photoelectrons are the subject of Section 5.3. Section 5.4 introduces an approximate 

model to describe the transduction process, and this is followed by a description of the 

measurement setup in Section 5.5 along with experimental results in Section 5.6. 

5.1 Generation of X-rays 

X-rays are generated when electrons with high energy strike a target made from materi­

als such as tungsten and molybdenum (54, 55, 56]. The high energy electron can interact 
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X-ray 

Figure S. l: Deflection of energetic electrons near a nucleus. 

with the nuclei of the target atom and produce so-called white radiation, or they can in­

teract with atomic electrons to produce characteristic radiation. When an electron that 

is negatively charged passes near a positively charged nucleus, the electron is deflected 

from its original path by the columbic attraction to the nucleus. As a result of this deflec­

tion, the electron can lose its energy, which is emitted as X-ray radiation (Fig. S.l). The 

energetic electrons can also interact with the atomic electrons of the target and remove 

them from inner shells (such as the K-shell). This places the atom in an excited state. 

Consequently, an electron from a higher energy level will move down in energy and fill 

the empty level in the K-shell. The energy difference between the two states is emitted 

as electromagnetic waves, yielding an X-ray photon. 

In a medical X-ray source, the electron source and target material form the cathode 

and anode, respectively, of a vacuum tube [57, 54]. The electrons emitted by the cathode 

are accelerated in a high electric field towards the anode, causing X-ray emissions. The 

generated X-rays have a wide energy distribution; various factors determine this distribu­

tion, e.g., tube voltage, tube current, and the target material. The shape of the spectrum 
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Figure 5.2: X-ray spectrum at a distance of 39 cm for tungsten target 

generated by XRAYLIB from University of Western Ontario; the tube 

current is 25 mAs. 
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is primarily determined by the target material, which for radiology applications is of­

ten tungsten [54]. The tube voltage defines the peak potential difference between the 

electrodes (expressed using the symbol kVp) and mainly determines the maximum en­

ergy of the X-ray photons. The tube current specifies the current between the electrodes 

(expressed using mAs) and predominantly controls the intensity of the X-ray beam. 

The simulated X-ray spectra generated from a tungsten target (General Electric tube) 

for different tube potentials are shown in Fig. 5.2. This spectrum is produced using the 

XRAYLIB software compiled by University of Western Ontario, London, Ontario [58, 

59]. As the tube potential is increased, the maximum photon energy is also increased; 

however, the overall shape of the spectrum remains approximately the same. 



CHAPTER 5. X-RAY SENSITIVITY 68 

5.2 Interactions of X-ray Photons with Matter 

In this section, various mechanisms of interaction between incoming X-ray photons and 

matter are studied. In general, the incoming X-ray photon may interact with matter in 

one of three ways depending on its energy: 

• Photoelectric effect 

• Compton interaction 

- Rayleigh scattering 

- Thomson scattering (classic limit) 

• Pair production. 

In pair production effect, the incoming photon loses its energy by creation of an 

electron-positron pair. Based on the energy conservation law, the minimum photon 

energy required for this interaction is 2m0 , where m 0 is the rest mass of the electron 

(:::::: 0.511 M eV). In all of our experiments, the energy range of X-ray photons is much 

less than the required threshold energy for observing electron-positron pairs. 

In Compton interactions, an X-ray photon interacts with an electron and transfers part 

of its energy to that electron. Due to this transfer of energy, the wavelength of the pho­

ton is changed. Related to Compton scattering are the classical Thomson and Rayleigh 

scattering events. In Thomson scattering, a photon is scattered by a free electron in the 

classic limit(; << 1). On the other hand, with Rayleigh scattering, the photon is coher­

ently scattered by all the electrons of an atom. In both of these processes, no energy is 

transferred to the bulk material. Although a Compton interaction has a finite probability 

of occurring at low energies, this probability peaks in the range of a few hundred ke V to 

afewMeV. 
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The photoelectric effect is the dominant interaction at the low energy range ( up to a 

few hundred keV). In this interaction, a photon transfers its energy to a bound electron 

and excites the electron to the vacuum level (Fig. 5.3). 

From conservation of energy, 

hv = Ebi.na + T, (5.1) 

where hv is the photon energy, Ebi.na and T are the binding energy and final kinetic 

energy of the electron, respectively. The generated free electron, referred to as the photo­

electron, can travel through matter and interact with other electrons. For sufficient initial 

kinetic energies, it can also ionize other atoms. 

The ejection of photoelectrons from an atom is not an isotropic process, peaking 

around a particular direction. This direction is primarily determined by the energy of 

the incoming photons. For the energy range of interest (10 ke V < E < 100 ke V), the 

most probable emission direction makes an angle a with the incoming electrons. Here a 

ranges from 70° to 50° (60]. 
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As with other nuclear interactions, the probability of a photoelectric interaction can 

be studied using the concept of an interaction cross-section. Here the photoelectric cross­

section depends not only on the target material, but also on the energy of incoming pho­

tons. This dependence can be expressed empirically by the following approximate rela­

tion [54], 

ZaE-3 
D'photo ex , (5.2) 

where Z is the atomic number, and E is the energy of X-ray photon. However, the 

accuracy of relation (5.2) degrades at energy ranges close to the K-shell, which are of 

interest here. Based on the photoelectric cross-section, we can define a mean free path 

for photons as 
Aw 

Ap = ----, (5.3) 
P Nau phot.o(E,Z,p) 

where Aw is the atomic weight, Na is the Avogadro's number(= 6.02217 x 1023 mol-1), 

and p is the density. The attenuation of photon intensity can then be shown to be 

(5.4) 

where Ip is the X-ray intensity after traveling through a thickness :z: of the target, and lop 

is the initial intensity of X-ray photons. Often, obtaining an analytical relation for the 

mean free path of X-ray photons either results in complicated and inaccurate relations, or 

it is not possible at all. Therefore, tabulated values of mean free path from experimental 

observations are used. 

These values reveal that the photoelectric absorption reaches its maximum at energies 

close to the K or L shell energies of the absorbing material and that it falls off for higher 

energies. 



CHAPTER 5. X-RAY SENSITIVITY 71 

5.3 Transmission of Photoelectrons 

In the proposed detection scheme, the ejection of photoelectrons and further multiplica­

tion in the a-Si:H layer are the key steps in the transduction process. Therefore, the per­

formance and efficiency of these detectors are influenced by the transmission of photo­

electrons through the metal layer and by interactions in the a-Si:H layer. The mechanism 

by which photoelectrons lose their energy and are absorbed in the material depends on 

the initial kinetic energy of the photoelectrons. During transmission through the target 

material, the photoelectrons experience various collisions with the other electrons and 

atoms. Often these interactions are classified into elastic and inelastic collisions [61]. 

During an elastic collision, a photoelectron experiences a deviation from its original di­

rection without losing its energy. However, in an inelastic interaction, the photoelectron 

transfers some of its kinetic energy to other electrons, or loses energy by radiation. 

Some of the possible inelastic collisions can be classified as processes that 

• generate X-rays, e.g., Bremsstrahlung 

• generate secondary electrons, e.g., collision loss with inner shell electrons, and 

excitation of the outer shell electrons 

• result in collective interaction with many atoms, e.g., plasmons, and phonons. 

Bremsstrahlung 

Radiative loss of energy will occur for all electrons that interact with matter. One way 

of explaining this effect is to use the classical picture of electromagnetic radiation by an 

accelerated charge. In the low energy range, this energy loss mechanism is responsible 

for only a small percentage of the electron energy loss, so-called soft Bremsstrahlung 
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radiation. However, this mechanism becomes dominant for electron energies above, ap­

proximately (62], 
E _ 800 MeV 

B - Z + 1.2. (5.5) 

Typical threshold energies are in the range of a few Me V, so this interaction has a minor 

effect on the energy range that is of interest in this research. 

Collision Losses 

In the energy range of 100 keV > T > 10 keV, the interaction of photoelectrons with 

inner shell electrons is the predominant collision mechanism. Photoelectrons can remove 

atomic electrons from the inner shells, such as the K, L, and M shells. This causes 

ionization of the target atoms and generation of secondary electrons. In this energy range, 

various models have been proposed to explain the variation of the inner shell ionization 

collision cross section with different parameters, including the incoming electron energy 

[63, 64, 65, 66, 67, 68]. Moller's cross section is the most widely used model which for 

the differential cross section yields 

da- = 21rr2mc2 dP [ P2 

J2 p2 1 + (T - P)2 + 
T2 p 2 (2-r + 1) p l 

(r+1)2 (T) - (T+l)2 (T-P) ' 
(5.6) 

where re is the classic electron radius (2.8179 x 10-13 cm), mc2 is the electron rest 

mass, (3 is the velocity of the incident electron divided by the speed of light, P is the 

energy transfer to the medium, and r is the ratio of the kinetic energy of the incident 

electron to its rest energy (r = T/mc2). Relation (5.6) is based on the assumption that 

the energy transferred is larger than the binding energy of the electron. The validity of 

this assumption weakens at low energies (200 e V < T < 5 ke V), where the binding 

energy is comparable to the initial kinetic energy. Despite the wealth of knowledge in 
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the high energy range, the interaction mechanisms in the low energy range are still the 

subject of discussions [65, 66]. However, in the lack of a widely accepted model, the 

Moller cross section can still be used as an approximation. 

Another useful parameter is the stopping power (S), which describes the energy loss 

of electrons while traveling in a material as 

dT 
S=-­

dz' 
(5.7) 

where dT is the incremental energy loss while the electron is traveling an incremental 

distance dx in the matter, and this is based on the continuous slowing down approxima­

tion (csda). The energy loss is primarily achieved through inelastic collisions; therefore, 

From (5.8) and (5.6), the stopping power for impact ionization is given by 

S = 21rr!mc
2pZ 1: [1n (L) 

2 

+ In ( 1 + i) + F(r) - 5] , (5.9) 

with 

(5.10) 

where lum is the mean excitation energy, and 6 is the density-effect correction (62, 68]. 

Since the photo-generated electrons on average have a kinetic energy in the range of 

a few keV, relation (5.9) can provide a good approximation for the energy loss in the 

metal. Using the stopping power (5.7), a thickness (referred to as the range, Re) can be 

defined in which the incoming electron completely loses its kinetic energy and stops, so 

(5.11) 

where To defines the initial electron kinetic energy. Unfortunately, relation (5.9) does not 

lead to a closed form expression for the range of electrons. However, using a different 
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Figure 5.4: Range of electrons in bulk Mo as a function of their kinetic 
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approach, Kanaya et. al. have suggested [63], 

Au,Ts/3 

Re= 15.8741ra1/ 3)...:q1013Na.pZ' 

where .,\, is a fitting parameter (suggested value of~ 0.182), and 

a = 0.8853aH z-t/3 , 

74 

(5.12) 

(5.13) 

where aH is the Bohr radius of hydrogen atom (5.292 x 10-9 cm). Figure 5.4 illustrates 

the fit between the range obtained from (5.12) and the tabulated values published by 

International Commission on Radiation Units and Measurements {ICRU) [64]. The fit 

yields>-.., ~ 0.1532. 

Kanaya's theory also yields a closed form relation for the mean free path, where the 

intensity of the incoming electrons diminishes to 1 / e of its initial value, as 
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5.025 X 10-12 AT5l3 1 
~ = pA,Z8l9 1 + 0.187Z2l3 ' 

(5.14) 

Another source of energy loss is due to collisions of photoelectrons with the outer 

shell electrons of the target material, such as valence band electrons. This is a major 

energy loss mechanism for low energy electrons (T < 200 e V), by which the initial 

photoelectron energy is finally transferred into creation of e-h pairs inside a-Si:H. Given 

the lack of an analytical model, empirical values are the only sources of information 

about the average energy that is expended towards creation of an e-h pair. 

Phonon and Plasmon Excitations 

Photoelectrons can also lose their energies by interaction with phonons. However, a 

phonon vibration causes only a very small energy loss of< 1 e V; therefore, it is assumed 

to be negligible in this study. 

In the energy range of 50 e V < T < 1 ke V, the photoelectrons can also interact with 

a gas of free electrons, and excite electron oscillations known as plasmons [69, 70]. In 

reality, these electrons are loosely bound to the atoms but, since their binding energy is 

much smaller than the incoming electron energy, they can be approximated as a gas of 

free electrons (71, 72, 73]. The cross-section of electrons in this range can be shown to 

be [69] 

(5.15) 

where Bcut is the cut off angle, ~Tis the energy loss(:::::: 10-15 eV), and Bs is given by 

aT 
8s = 

2
T. (5.16) 

The mean free path can be shown to be [74], 
,::, -3/2 4 T 2 

A-1 = vlah ... "tlr• ln((-)2/3 ~) 
e T 9~ R' (5.17) 
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where R,, = 13.6 eV is the Rydberg constant, and r, is the average electron distance. 

Since the energy loss by this mechanism is small compared to the energy losses that 

electrons suffer from impact ionization, the contribution of this mechanism is considered 

negligible for this study. 

5.4 An Approximate Model 

The detector quantum yield (the ratio between measured number of electrons to the in­

coming X•ray photons) can be further studied by arranging the detector transduction 

process into various stages of conversion (Fig. 5.5). Thus, the overall performance of the 

detector (G) for a mono-energetic X-ray beam can be shown in terms of the efficiencies 

of different stages as, 

(5.18) 

where f/ is the photoelectron generation efficiency, ( is the ejection efficiency of the pho­

toelectrons, , is the e-h generation efficiency in the a-Si:H by the ejected photoelectrons, 

x is the e-h separation efficiency in a-Si:H, and " is the contribution to the thermionic 

emission caused by photoelectrons absorbed in the Mo layer. Relation (5.18) is partic­

ularly important in order to examine the impact of different parameters on the detector 

performance. 

Photoelectron Generation 

The photoelectric absorption of X-ray photons in the Mo layer is the first stage, and for 

every photon absorbed, an energetic electron is released. The photoelectron generation 

efficiency (q) can be determined from [62], 

11 = nab• = [i _ exp(--=-)] , 
ffinc Ap 

(5.19) 
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where 1/ .,\P is the energy-dependent photoelectric attenuation coefficient, z is the thick­

ness of the film, nat,. is the number of absorbed X-ray photons, and "-inc is the number 

of X-ray photons impinging on the surface of the detector. For this study, the values 

of photoelectric attenuation coefficient for bulk molybdenum are used, as provided by 

XRAYLIB [58]. These values, related to atomic structure, are expected to be similar in 

thin films. 

The initial photoelectron kinetic energy, as shown previously in relation (5.1) is given 

by, 

T = hv - Ebinc1- (5.20) 

Photons with energies less than E1nnc1 do not interact with atomic electrons. Hence, 

the Ebind in relation (5.20) is determined by the energy of the X-ray photon, from the 

possible values of EK = 19.97 keV and EL = 2.87 keV, for molybdenum. 

After ejection from the atom, most of the photoelectrons travel towards the a-Si:H 

along a path which makes an angle a with the original X-ray direction. For this study, an 

average value of 60° is assumed. 

Photoelectron Transmission 

Not all the energetic photoelectrons reach the a-Si:H layer; some of them undergo various 

inelastic scattering events and lose their energies to the metal film. The distance that 

photoelectrons travel before being scattered is given by the mean free scattering path 

(..\e), and it depends on the kinetic energy of the electrons. In this study, it is assumed 

that the dominant energy loss mechanism is the inner shell impact ionization process, 

and relation (5.14) has been used to obtain approximate values for the mean free path. 

Hence the number of photoelectrons escaping from the metal film can be approximated 
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as (62] 

(5.21) 

where ne is the number of photoelectrons reaching the a-Si:H, neo is the initial number of 

photoelectrons, and y is the distance that photoelectrons travel. Since the photoelectric 

absorption occurs in a thin layer of Mo, the X-ray intensity can be assumed approxi­

mately constant through out the Mo thin film (see for example Section 10.9 in [75]), 

leading to a uniform distribution of generated photoelectrons. Therefore, the photoelec­

trons travel different distances to reach the a-Si:H layer (Fig. 5.6). The ejection efficiency 

(() can be found by summing contributions from different parts of the Mo layer, 

Lt.Mo 1 ( y ) (= -exp --- dz, 
o tMo cos(a)Ae 

(5.22) 

where tMo is the thickness of the Mo layer. In relation (5.22), it is assumed that the 

number of photoelectrons in a strip of thickness dz is given by, 

d ne-t.otd n=-- z, 
tMo 

(5.23) 

where ne-tot is the total number of generated photoelectrons, which is approximately 

equal to the total number of absorbed photons. Integration of (5.22) yields, 

(5.24) 

Electron Hole Pair Generation Efficiency 

After ejection from the Mo layer, the energetic photoelectrons encounter various scatter­

ing events and lose their energies inside the a-Si:H film. It is assumed that the impact 

ionization with inner shell electrons causes the major energy loss for photoelectrons in 

a-Si:H, as well. From Kanaya's relation, the electron energy in the a-Si:H, after traveling 
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Figure 5.6: Transport of photoelectrons before ejection from Mo layer. 

a distance :t, can be estimated from 

:t 3/5 
T = (1 - -R) Ts;,, 

Si 

80 

(5.25) 

where Rsi is the energy dependent range of photoelectrons defined by the total distance 

that electrons travel before being completely stopped, and Ts, is the initial kinetic energy 

of the electrons when they reach the a-Si:H film. Thus, the energy loss of photoelectrons 

in the a-Si:H film (llTs;,) can be approximated as 

!J.Ts; = { 1- (1- cost:}Rs.13/s} Ts,, (5.26) 

where tsi is the thickness of the a-Si:H. Part of the deposited energy is transferred to 

excite electrons from valence to conduction bands in the a•Si:H to generate multiple e­

h pairs. Often the efficiency for converting the deposited energy to e-h pair creation 

is expressed by an empirical factor known as the W factor, which reflects the average 
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energy that a photoelectron loses to generate one e-h pair. Thus, the generation efficiency 

can be shown as, 
_ 

1 
_ 

1 
_ tsi Tsi 

{ [ ]
3/5} 

1 - cos(a)Rsi W • 
(5.27) 

For thicknesses greater than the projected range (tsi > Rsi cos( a:)), the 'Y reduces to 

Tsi 
'Y = W' 

where most of the ejected photoelectrons stop in a-Si:H layer. 

(5.28) 

For the fabricated a-Si:H films, a W factor of 3. 7 e V generates the best fit to the 

experimental data. This is comparable to 3.68 eV for crystalline silicon [1]. 

Separation Efficiency 

After the generation, the effective separation of the e-h pairs is crucial, owing to the 

small diffusion length in a-Si:H. Hence, it can be assumed that the main contribution 

to the signal is raised from e-h pairs generated inside the depletion region, where the 

electric field enhances the separation of the pairs. Considering this effect, the separation 

efficiency can be approximated by 
w 

X --- , 
tsi 

(5.29) 

where w is the depletion width. 

Relation (5.29) is based on the assumption that the generated charge does not disturb 

the electric field inside the depletion region. It is also assumed that the net bias across 

the Schottky diode remains constanL Toe accuracy of this model degrades as the number 

of generated electron hole pairs increases since this alters the electric field inside the de­

pletion region. Here, a complete numerical solution of Poisson's equation and continuity 

relation are required, which is beyond the scope of this thesis. 
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Thermal Emi.sgon 

In addition to the ejected photoelectrons, the photoelectrons absorbed in the Mo layer 

also contribute to the signal. The energy that these photoelectrons lose in the Mo (aT mo) 

can be shown as 

(5.30) 

where T is the initial kinetic energy of electrons (5.20). Part of the energy lost by these 

photoelectrons is then transferred to excite the outer shell electrons of the metal. If the 

excited electrons acquire energies comparable to the barrier height(~ 0.77 eV), they 

can take part in the thermionic emission over the barrier. However, only those electrons 

within the carrier-carrier scattering length of the Mo/a-Si interface can contribute to the 

current. Hence, the efficiency for the thermionic emission over the barrier can be shown 

as, 
AT s 

"'= --, (5.31) 
t£ tMo 

where u is the average energy that photoelectrons spend to excite an electron to a state 

above the barrier height(~ 1 eV assumed), and & defines the average distance that elec­

trons travel before being scattered. Although, the scattering length for metals can be as 

high as 1 µm [76], a thickness in the range of 80 nm is found to produce the best fit to 

the experimental results. The smaller carrier-carrier scattering length can be explained 

by considering the larger density of structural defects and interface effects. 

Summary of Transduction Efficiencies 

A summary of the various transduction processes along with their typical numerical val­

ues are given in Table 5.1. These values are calculated for a monoenergetic X-ray beam 

of 20 keV. This is comparable to the average energy of a medical X-ray source of 

40 kVp. 
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,, 
( 

i 

X 

" 

Governing equation and Mo 

parameter values 

'fypical Cumulative Typical 

(5.19) Ap-Mo R:: 12 µ.m, tMo R:: 0.4 µ.m 0.033 0.033 0.05 

(5.24) Ac-Mo R:: 0.58 µ.m 0.55 0.0165 0.508 

{5.28) Tsi R:: 17.5 keV 5830 96.2 5830 

(5.29) w R:: 0.3 µm, tMo R:: 0.4 µm 0.8 76.8 0.8 

(5.31) TR:: 17.5 keV, ( ~ 0.5 2000 143 2150 

Table 5.1: A summary of various transduction efficiencies, their 

governing-equation numbers, and typical values for Mo and W. The 

cumulative values represent the accumulated gain in each stage of the 

transduction process. 

Spectrum of X-ray Energies 

83 

w 

Cumulative 

0.05 

0.0254 

148 

118 

220 

Since a medical X-ray source generates a broad spectrum of X-ray energies, the overall 

performance can only be found by numerical summation of the efficiencies over the 

entire range of X-ray energies obtained from XRAYLIB. This is achieved by dividing 

the spectrum into narrow energy ranges, where it is assumed that the energy is constant 

at Ei (as shown in Fig. S.2). 

Heating 

Part of the absorbed X-ray energy can also be transferred to heat and can thereby cause a 

temperature increase. This upper bound for increase in temperature can be estimated by 
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assuming that the absorbed energy in the metal film is entirely transferred to heat, so 

Q = Ea1,. = E na1,.,iEi, 
i 

(5.32) 

where na1,.,i is the number of X-ray photons absorbed from the ith energy interval, E. 

is the energy of i-th interval, and Q is the heat absorbed in Mo layer. The temperature 

increase ( l>.8) can be shown as, 

(5.33) 

where PMo is the density of Mo c~ 10.2 g/cm3), CMo is the specific heat of Mo c~ 
0.25 Jg-1 K-1), and Vpizel is the volume of a pixel(= 200 x 200 x 0.5 µm3 = 2 x 

10-s cm,3). 

This temperature difference can introduce an increase in the reverse current given by, 

Al <Pell A8 
1= k8 8' (5.34) 

where <Pe/ 1 is the effective barrier height, AI is the variation in the reverse current, and 

I is the reverse current. 

From XRAYLIB, a maximum energy of 4.9 x 10-10 J is found to be absorbed in the 

Mo film of a pixel(= 200 x 200 x 0.5µm3
) at 40 kVp, 25 mAs, and 39 cm for 500 ms 

exposure; this yields a temperature increase of 0.01 K. Assuming room temperature, 

and a barrier height of 0. 77 e V in (5.34 ), yields a change in reverse current, and hence in 

measured voltage, of 0.1 %. This is significantly lower than the experimental change in 

voltage of~ 14%. 

Other sources of temperature variations can be overcome by calibration prior to X-ray 

exposure. 
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5.5 Measurement Setup 

The sensitivity measurements of the fabricated detectors have been performec:::::======= 

medical X-ray source at the Robarts Research Institute, University of Western 

In addition to these studies, elementary characterization has been performe:c:::::::::::::::::::::::::::::: 

scientific source at the University of Waterloo. 

The read-out scheme was based on sensing the accumulated charge alo11111 ______ _ 

capacitor, illustrated in Fig. 5.7. The Schottky diode was biased using a KeithlC--------­

Measure Unit (SMU) model 236 with a voltage resolution of 10 µ V. The load c=============== 
was a high quality polyester type, with a value of 150 pF ± 2%. The voltage al-------• 

load capacitor was buffered by an OP-80 operation amplifier from Analog Devi: _______ _ 

a low input current c~ 0.2 pA). Subsequently, the voltage was measured by a 

200 l Digital Multi-meter, with a resolution of 10 µ V in the fast integration m.--------­

data acquisition was performed by a PC, which also controlled the SMU. 

The bias on the Schottky diode was alternatively switched between revt======== 

(800 ms @ - 2 V) and zero bias (1 - 2 s ), owing to the delay of the PC. In 

bias period, the load capacitor was reset by the Schottky diode, which is forwat 

during this period. This scheme was adopted since the other scheme of resetting 

capacitor causes a dissipation of charge through the leakage current, hence degra;.__ ______ _ 

signal. The pulse height was chosen to be -2 V in order to avoid metastabili 

intrinsic to a-Si:H Schottky diodes (see Section 3.4). The pulse width was dete .. _________ _ 

considering the characteristics presented in Fig. 5.8. Although very long pulseSiiiii============== 

faster stabilization of the Schottky diodes, the voltage increase across the load C-iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

causes degradation in the charge separation efficiency. 

The chosen magnitude of the load capacitor was based on a trade-off between 

resolution and maintaining the reverse bias on the Schottky diode. A small CS=============== 
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Figure 5.7: Schematic diagram of the setup used for X-ray measure­

ments. 
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permitted a very accurate sensing of charge; however, the voltage along the Schottky 

quickly decreased to zero, hence degrading the charge separation. Although a large 

capacitor could sustain the voltage along the Schottky diode for a longer period of time, 

this undermines the sensitivity of the measurement. 

With a reverse bias on the Schottky diode, the X-ray source was turned on. Prior 

to X-ray experiment, sufficient time was given for the Schottky diode reverse current to 

stabilize. The larger reverse current obtained by presence of X-rays has accumulated on 

the load capacitor (Fig. 5.9). The X-ray exposure period (500 ms) was always shorter 

than the reverse bias period. 

Since the secondary X-ray radiation from the standard IC packages can disturb the 

accuracy of the measurements, a new packaging scheme was developed. In this method 

the dice was attached directly to a specially designed PC board (Fig. 5.10). Another 
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Figure 5.8: The time-dependent variation of the reverse current with 

number of pulse cycles in Mo/a-Si:H Schottky diodes, for different 

pulse durations indicated in graph. The pulse was alternatively switched 

in equal intervals between -2, 0, +2 V. 

I • 
! 

Figure 5.9: Typical voltage response measured with an oscilloscope 

across a 150 pF load capacitor for 500 ms of X-ray exposure, with 

X-ray source at 90 kV p and 25 mAs. 
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advantage of this scheme was the reliable co-assembly of the diode with read out elec­

tronics. This is particularly important for the measurement accuracy, in view of the small 

size of signals involved. 

The sensing element and read out electronics were housed in a specially designed 

shielding box. This shielding is essential not only to prevent electromagnetic interfer­

ences degrading the signal, but also to shield the read out electronics from direct x-ray 

exposures (Fig. 5.11). 

5.6 Experimental Results 

Typical X-ray measurement results of a (200µm) 2 Mo/a-Si:H Schottky diode operated 

at 2 V reverse bias are illustrated in Fig. 5.12. These confirm the linear response of the 

detector to the number of absorbed photons, obtained from XRAYLm. Similar studies 

on the detector using various X-ray source currents with a constant X-ray source voltage 

also verified the linear response with the number of absorbed photons. The efficiency 

of the detector, which is shown in Fig 5.13, particularly improves at low X-ray voltages 

(~ 40 - 60 kVp). 

Figure 5.14 illustrates the impact of the Mo thickness on the performance of the 

detector. At low thicknesses, the performance is limited by the absorption of X-ray 

photons inside Mo layer. An increase in the thickness of Mo leads to an increase in the 

number of absorbed photons, hence the output signal. However, beyond an optimum 

thickness, the number of electrons reaching a-Si:H depletion region is limited by the 

scattering and absorption inside the Mo film. For the X•ray source voltage of 60 kV p, it 

is found that a thickness of Mo around ~ 500 nm yields the optimum performance. At 

higher energies9 this optimum thickness moves to thicker films. 
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Figure 5.10: Various packaging designs used in characterization: initial 

glass holder design (top), improved glass holder with protective copper 

lines (middle), and the pc-board (bottom). 
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Figure 5.11: Various metal shield enclosures used in characterization: 

initial lead box (top)., thin copper box (middle), and thick copper cage 

(bottom). 

90 
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Figure 5.12: Response of detector for various X-ray source voltages 

(kVp), collected over a period of 500 ms. 
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Figure 5.13: Response of detector for various X-ray source voltages 

(kVp) normalized to the number of incoming photons, collected over a 

period of 500 ms and 25 mAa. 
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Figure 5.14: Variation of detector response with thickness of Mo layer, 

taken at 60 kVp and 25 mAs. The extrinsic quantum yield is defined 

as the ratio between numbers of measured electrons and the incoming 

X-ray photons. 
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Figure 5.16: Measured number of electrons for various reverse voltages,. 

at 60 kVp and 25 mAs. 
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operating X-ray detectors at different biases. Fig. 5 .16 illustrates the variation of number 

of collected electrons with the applied bias. At low voltages, the signal increases with 

the square root of the applied reverse bias. Here, the depletion width expands and the 

generated e-h pairs are separated more effectively by the electric field inside the depletion 

region. The continued increase in signal at higher biases is the result of further increase 

the electric field inside the device and the consequent enhancement of charge collection. 

The impact of the detector geometry on the performance was also investigated. How-­

ever, the differences in the separation efficiencies prevent a meaningful comparison be­

tween the performance of detectors with different areas. In such cases, not only does the 

depletion capacitance increase with area, but the leakage current also grows with area 

leading to a lower potential across the detector. Both of these mechanisms can contribute 

to a lower separation efficiency. 

The detector characteristics are summarized in Table 5.2 based on studies of noise,. 
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Electrical noise ~ 8 x 105 electrons 

Stability ~ 107 electrons 

Detector saturation ~ 5 x 108 electrons 

Dynamic Range 50: 1 

Table 5.2: Various detector characteristics expressed in no. of electrons; 

time period 500 ms. 

leakage, and X-ray sensitivity from previous chapters. 
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Chapter 6 

Conclusion 

In this thesis, we demonstrate the feasibility of a novel direct X-ray detection scheme 

based on heavy metal/amorphous silicon Schottky diodes for large area X-ray imaging 

applications. This approach does not require an extra layer for conversion of X-rays to 

visible light, or a thick layer of selenium. 

The effects of deposition conditions, material properties, and interface properties 

have been studied to determine the material most suitable for detector fabrication. We 

chose Mo as the Schottky metal since it has full compatibility with the standard thin film 

transistor fabrication process, high temperature stability, low mechanical stress, and a 

smooth interface. 

In terms of electrical stability, it bas been determined that the operation of the detector 

at low biases yields the minimum time-dependence of the reverse current. At medium 

biases, the time-dependent variations of the reverse current are noticeably larger, and 

mainly originate from variations of the Schottky energy barrier. Therefore from stability 

standpoint, the use of metals which yield a higher Schottky barrier is desirable. 

At low frequencies, the electrical noise is found to decrease with reverse current; 
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therefore, low voltage operation is also desirable for noise reduction. Moreover, it is 

found that the noise current PSD decreases with increasing detector area. However, this 

can potentially degrade the spatial resolution in large area applications. 

The optimum Mo thickness is determined largely by the energy of X-rays. For low 

energies, the optimum value is about 500 nm, and thicker films are required at higher 

energies. In terms of a-Si:H thickness, it is found that a film with thickness of ~ 1 µm 

produces the optimum performance. The optimum bias conditions are based on a com­

promise between stability, noise, leakage current, and signal. Although, a low bias results 

in stable characteristics, low noise, and low leakage current, it yields lower charge collec­

tion efficiency. At higher biases, the charge collection improves, but the stability, noise, 

and leakage current degrade. Employing other metals (e.g., W), would yield a larger 

barrier height with a-Si:H, thus allowing higher voltage operation to enhance charge col­

lection. A larger barrier height would also result a wider depletion region and reduction 

in the density of trapped charges which yields stability improvements in the detector. 

This requires further work on deposition conditions, and in particular, on reduction of 

internal stress in deposited films. 
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Optical Absorption 

The optical measurements have been performed using the setup shown in Fig. A. l. 

The transmission intensity was first measured with a glass substrate, and then with the 

glass substrate and the thin layer of a-Si:H. The difference between these two measure­

ments is proportional to the absorption in the film. However, this needs to be corrected 

to account for the reflectance occurring at the interfaces between the a-Si:H film/air, and 

a-Si:H/glass, 

(A.I) 

Here, I is the transmitted intensity, 10 is the transmitted intensity without the film, 

I,.e1 is the reflected fraction, a is the optical absorption of the film, and d is the thickness 

of the film. For this configuration, the reflection can be shown by [76], 

where 

l rf2 + r:3 + 2r12r23 cos(,Ba) 
re/ = 1 + rf2ri3 + 2r12r23 cos(,Ba)' 

n1 -n2 
r12=---, 

n1 +n2 
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(A.2) 

(A.3) 
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Sample Film 

Glass Substrate 

/ Photodiode 

Light Source Monochromator 

Figure A. l: The schematic of the optical setup used to measure the absorption coefficient 

of a•Si:H. 

n2 -n3 
r23 = , 

n2 +n3 

d 
f3a. = 41r An2, 

(A.4) 

(A.5) 

where n1. n2, and n3 are the refractive index of air, a-Si:H, and glass, respectively, and A 

is the wavelength. Using n 1 = 1.0, n2 = 3.4 (22], ns = 1.544 (Corning data sheet), and 

A = 600 nm yields Ire/ = 0.21. Incorporating this into the measurement results gives 

the dependence shown in Fig. A.2, which gives an optical band gap of 1.82 eV. This is 

in agreement with the values reported in ref. [22, 77]. 
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Figure A.2: The Urbach's plot for intrinsic a-Si:H. 

100 



AppendixB 

Wafer Cleaning 

All semiconductor wafers are subject to an initial cleaning in hot organic solvents to 

remove the residual impurities. The cleaning procedure used in this research for prepa­

ration of glass substrates are listed in Table B. l. This constitutes the first of two process 

steps known as RCA clean (78). 

I Step I Solution II Tune (min) I Temp. (C} I 
1 NH4OH: H202: H2O 1: 1: 5 15 80° 

2 H2O 5 Room 

3 H2O 15 80° 

4 IPA vapor 15 60° -80° 

Table 8.1: Process steps used for initial cleaning of the glass wafers. 
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