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ABSTRACT 
Charged particle detectors are widely used in nuclear physics, astrophysics and 

environmental monitoring areas. The applications include charged particle 

spectroscopy, air monitoring, alpha beta counting, etc. This thesis outlines the basics 

of charged particle detection and spectroscopy. Then the design and fabrication 

concerns of the silicon-based planar structural detector are covered. After discussion 

of the process flow, a novel doping profile is proposed at last. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivation 
Charged particle detectors have caught huge interest from the research areas 

including environmental radioactivity measurements [1], healthcare safety, nuclear 

physics and astrophysics. For many of these applications, the development of low-cost, 

simple to use detectors would greatly increase the working efficiency. 

Ludlum Measurements, Inc. (LMI) [2] is a company located in Sweetwater, 

TX which has been designing and manufacturing radiation detection and measurement 

equipment since 1962. They dedicate their passion in response to the need for greater 

safety. They provide a variety of radiation detectors, counters, monitors, etc. [3] and 

gain a great reputation through 5 decades’ history. 

X-FAB is a foundry group which manufactures silicon wafers for mixed-signal 

ICs. Here in Lubbock, TX, X-FAB has its only manufacturing site in US. It features a 

class-10 clean room and can fabricate more than 15,000 eight inch wafers per month 

[4]. It was the cooperation between Ludlum and X-FAB that brought up the idea of 

this thesis: To fabricate detector wafers in X-FAB and then combine them with 

Ludlum’s electronics to make a detector system. 

1.2 Overview of Commercial Detectors 
There are two major detector manufactures in the industry. One is 

CANBERRA and the other one is ORTEC. They both provide a wide variety of 

detectors, signal processing electronics and supporting software to worldwide 

customers. Their strength is that they both hold the technologies from top to bottom: 

they have the capability to fabricate their own silicon detectors; they can build other 

necessary system components including the preamplifier, main amplifier and multi-

channel analyzer; they also have the supporting software packages. 
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In terms of silicon-based planar structural charged particle detectors, 

CANBERRA calls it “Passivated Implanted Planar Silicon (PIPS) detector” [5]. They 

have separate series for different applications: fully depleted planar PIPS detectors for 

particle identification; alpha PIPS detectors for high resolution and low background 

alpha spectroscopy; partially depleted PIPS detectors for charged particle spectroscopy; 

CAM PIPS detectors for continuous air monitors, etc. [5]. 

ORTEC calls their charged particle detectors the ULTRA series. They also 

have several different series [6]. For detailed information of ORTEC charged particle 

detectors’ specification, please check Appendix A. 

Both companies charge a relatively large amount of money for the integrated 

detector system. This big profit margin provides some market room for Ludlum 

Measurements, Inc. and other detector providers. 
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CHAPTER II 

RADIATION MEASUREMENT BASICS 

2.1 Radiation Categories 
In history, radiation was used till around 1900 to illustrate electromagnetic 

waves. Then with the discovery of electrons, X-rays and natural radioactivity, they 

were also called radiation. These new radiations showed features of particles. In the 

1920s, DE Broglie developed the theory of duality of matter. After that the difference 

between particles and waves were no longer quite important. Today, radiation can 

refer to all the electromagnetic spectrum and all the atomic particles [7]. 

The radiations that attract our primary concern have originated from nuclear 

processes. They can be categorized into following four general types: 

Figure 2.1 Radiation Categories 

Among the four categories, heavy charged particles include all the energetic 

ions which are one atomic mass unit or bigger. And in this project, our focus is on the 

detection and measurement of alpha particles among this category. 

2.2 Alpha Particles 

2.2.1 Alpha Particle Source 
Heavy nuclei are unstable against the spontaneous emission of alpha particles. 

The probability of this decay is controlled by a barrier penetration mechanism 

discussed by most books on nuclear physics. The half-life of different sources varies 

from a couple of days to thousands of years. The decay process can be written as: 
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𝑋𝑍𝐴 → 𝑌𝑍−2
𝐴−4 + 𝛼24  

X and Y are the initial and afterwards nuclear species. Alpha particles feature a 

monoenergetic characteristic, which is for each transition between different nucleuses; 

the decay has a fixed energy. The energy is shared by alpha particle and the nucleus in 

a specific way. Thus, each alpha particle carries same energy. There are many 

conditions where only one transition is involved. In such cases, the alpha particles are 

emitted with a single energy. Under other conditions, there may have more than one 

transition so that alpha particles are in specific energy groups. 

Table 2.1 [8] lists properties of different sources of alpha particles. We can see 

that most alpha particles are between 4 MeV and 6.5 MeV. There is a relationship 

between the half-life of the isotope and the alpha particle energy: the shortest half-life 

isotope can generate the highest energy alpha particles. When energy goes higher than 

6.5 MeV, the half-life of the isotope proves to be around a few days. Then the source 

is of limited utility. On the other side, when the energy drop down to less than 4 MeV, 

the barrier penetration probability is small and the alpha particle intensity is low. 

Consider all these concerns, the most common alpha particle calibration source is 
241Am. Since alpha particles lost energy in materials rapidly, the sources should be in 

thin layers. Typical sources are covered with thin metallic foil [9]. 
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Table 2.1 Common Alpha Sources [8] 

 

Source Half-Life Alpha Particle Kinetic Energy in MeV Percent Branching
148Gd 93 y 3.183 100
232Th 1.4×1010 y 4.012 77

3.953 23
238U 4.5×109 y 4.196 77

4.149 23
235U 7.1×108 y 4.598 4.5

4.401 56
4.374 6
4.365 12
4.219 6

236U 2.4×107 y 4.494 74
4.445 26

230Th 7.7×104 y 4.6875 76.3
4.621 23.4

234U 2.5×105 y 4.7739 72
4.722 28

231Pa 3.2×104 y 5.059 11
5.0297 20
5.0141 25.4
4.9517 22.8

239Pu 2.4×104 y 5.1554 73.3
5.1429 15.1
5.1046 11.5

240Pu 6.5×103 y 5.1683 76
5.1238 24

243Am 7.4×103 y 5.2754 87.4
5.2335 11

210Po 138 d 5.3045 99+
241Am 433 y 5.4857 85.2

5.443 12.8
238Pu 88 y 5.4992 71.1

5.4565 28.7
244Cm 18 y 5.805 76.4

5.763 23.6
243Cm 30 y 6.067 1.5

5.992 5.7
5.7847 73.2
5.7415 11.5

242Cm 163 d 6.1129 74
6.0696 26

254Es 276 d 6.4288 93



Texas Tech University, Yang Yang, May 2014 

6 

2.2.2 Charged Particle Interaction 
Heavy charged particles are influenced mainly through the coulomb forces 

between their positive charge and the electron’s negative charge. There may have 

some possibility that interactions can happen between alpha particles and nucleus, but 

according to the proportional scale, the rate is very small and can be neglected [9]. 

When alpha particles enter the absorbing medium, they immediately interact 

with many electrons. During the interaction, every electron gets energy from the 

particle which passes its vicinity. Depending on how much energy is transferred, the 

electron is either raised to a higher shell within the atom (excitation) or completely 

removed from the atom (ionization). With the interaction, the velocity of the charged 

particle decreases. With further interactions, the particle continuously loses energy and 

stops finally after go through a distance, which is called the range. 

A charged particle can interact with many electrons along its way through 

absorbing material. It is impossible to get separate energy loss from every interaction. 

Instead, we can calculate average energy loss per unit distance. We can get the range 

of alpha particle in silicon from Figure 2.2 [10]. 



Texas Tech University, Yang Yang, May 2014 

7 

 

Figure 2.2 Range-Energy Curves for Alpha Particles in Silicon [10] 

It was discussed before that the useful alpha source can provide up to 6.5 MeV 

alpha particles. From Figure 2.2, we can find that the range of this alpha particle in 

silicon is around 40 μm. This is the mean number and we can say that the travelling 

distances for most alpha particles with this energy are around this range. 

Another concern is that alpha particle can also be stopped in air. Figure 2.3 [11] 

shows the relationship. 
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Figure 2.3 Range-Energy Curves for Alpha Particles in Air 

15 ℃ and 760 mm Hg pressure [11] 

We can see that the range for alpha particles that are between 4 MeV and 6.5 

MeV are from 2.5 cm to around 5.5 cm under normal environment. This is a very short 

distance and thus we have to make the space between the source and the detector 

vacuum. 

Sometimes we also want to know alpha particles range in other materials. In 

that case, we can use the equation known as Bragg-Kleeman rule [7]: 
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𝑅1
𝑅2

=
𝜌2
𝜌1
∙ �

𝐴1
𝐴2

(2.1) 

Where Ri, ρi and Ai are the range, atomic weight and density, respectively. 

Thus, after we read the alpha particle range in silicon from Figure 2.2, we can use 

Bragg-Kleeman equation to get the alpha particle range in other materials. 

For example, if we want to get the range of a 6.5-MeV alpha particle in 

aluminum: firstly we get the range of this alpha particle in silicon from Figure 2.2, it’s 

35 μm; then we use Bragg-Kleeman equation: 

𝑅𝐴𝑙 = (35 𝜇𝑚) ∙
2.33 ∗ 103

2.7 ∗ 103
∙ �

27
28

= 27.12 𝜇𝑚 (2.2) 

Likewise, we can get the ranges in any other materials. 

Another concern for particle interaction is the stopping time. We can estimate 

the stopping time using following equation [9]: 

T ≅ 1.2 × 10−7 ∙ 𝑅 ∙ �
𝑚𝐴

𝐸
(2.3) 

Where R is the range in meters, mA in amu and E in MeV, we can get T in 

seconds. This equation applies to light charged particles (including alpha particles). 

Using typical values, the stopping time for charged particles are around several 

picoseconds in solid and a few nanoseconds in gas. The time is relatively small and 

can be neglected for most radiation detectors. 

2.3 Measurement Statistics 
The origin of statistics and error prediction in particle detectors is from the fact 

that the formation of each charge carrier is random. In other words, no matter how 

precise the detector and the electronic system are, there are always some statistical 

fluctuations in the results. These inherent fluctuations can often be the dominant 

source of imprecision. Thus we need to apply some statistic methods in order to 

process the detector results and to predict the expected precision of the detectors. 
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The statistics can benefit the system in two different ways. First, it can serve as 

a method to check the normal function of detectors. Under this method, a series of 

measurements are recorded under the situation that all aspects are held as steady as 

possible. Since there are some statistical fluctuations, the measurements don’t show 

same results but show some inherent variation. The fluctuation can be quantified and 

compared with statistical predictions. If the measured fluctuation shows some 

inconsistency with the predictions, one can assume that some problems exist in the 

detector. The second method is even more valuable. In this situation, we only make 

one measurement. We then use statistics to predict the inherent uncertainty and 

estimate the accuracy associated with this specific measurement [9]. 

In certain situations, one can predict the distribution that describes the results 

of many repetitions of a specific measurement. The measurement number is called the 

trials, and we can get some successes. Each trial is a binary process where only two 

results are possible: it’s a success or it’s not a success. 

Table 2.2 [9] gives three examples. The third one indicates a radiation event. A 

trial is to observe a given radioactive nucleus for time t, the number of trials equals to 

the number of nuclei in the testing environment. We can identify the probability of 

success of one trial as p. In the radiation case, the probability is (1-e-λt), where λ 

represents the decay constant. 

Table 2.2 Examples of Binary Processes 

Then we can consider three statistical models: 

1. The Binomial Distribution. It is the most general model and has been

widely used in many constant-p processes. But it is computationally

Trial Definition of Success Probability of Success ≡ p

Tossing a coin Heads 1/2
Rolling a die A six 1/6

Observing a given radioactive 
nucleus for a time t

The nucleus decays during 
the observation 1-e-λt
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unclear in radiation cases since the number of nuclei is usually very large. 

Thus it rarely used in detector applications. 

2. The Poisson Distribution. This one is a direct math simplification of 

binomial distribution under certain circumstances that the success 

probability p is relatively small and constant. In radiation case, this implied 

that we chose a measurement time which is small compared with the half-

life of the material. In such cases, the number of radioactive nuclei is 

constant and the probability of recording is also small. 

3. The Gaussian or Normal Distribution. This one is even more simplified if 

the average number of successes is large (greater than 30). This condition 

applies for the situation that we accumulate the enough counts during the 

measurement. This is usually the case so that the Gaussian model is widely 

used in the detector statistics. 

Normal distribution can be described by: 

G(𝑥) dx =
1

√2𝜋 ∙ 𝜎
∙ 𝑒𝑥𝑝 �−

(𝑥 − 𝑚)2

2𝜎2
� 𝑑𝑥  (2.4) 

G(x)dx is the probability that the x lies between x and x+dx. 

m is the average of the distribution. 

σ2 is the variance of the distribution. 

The normal distribution is shown as Figure 2.4 [7]. The probability has a 

maximum at x = m. The distribution is symmetric around the average m. The shape is 

defined uniquely by m and σ. Equation 2.4 illustrates the shaded area. 
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Figure 2.4 Normal (Gaussian) Distribution 

We can get the probability between x1 and x2 by: 

G(𝑥1 ≤ 𝑥 ≤ 𝑥2) = � 𝐺(𝑥)𝑑𝑥
𝑥2

𝑥1
 (2.5) 

From Equation 2.5, we can get the probability from x = m – σ to x = m + σ: 

𝐴𝜎 = � 𝐺(𝑥)𝑑𝑥 = 0.683
𝑚+𝜎

𝑚−𝜎
 (2.6) 

Likewise, we can get any probability that we are interested from Equation 2.5. 

One very important parameter in detector system is called full width at half maximum 

(FWHM). The FWHM, denoted by the symbol Γ, is the width of the normal 

distribution at the height of half of its maximum. We can see from Figure 2.4 that the 

FWHM is a little wider than 2σ. The relationship can be written from Equation 2.5 as: 

G �m −
Γ
2
� = G �m +

Γ
2
� =

1
2
𝐺(𝑚) 

Solving the equation gives: 

Γ = (2√2𝑙𝑛2)𝜎 ≈ 2.35𝜎 (2.7) 
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The width Γ is very important in particle measurement and we will see more 

details later in Chapter 3. 

Normal distribution is the most important model for measurement. It is very 

useful because for nearly all type of measurements which are taken many times, the 

probability of individual results can form a Gaussian distribution and are centered on 

the average. The bigger number of trials taken, the better they can be represented by 

Gaussian. The results of radiation measurement are usually expressed as a number of 

counts recorded by a scaler. The counts represent each specific interaction and are 

caught by the pulses originated from the interaction. The particle emission is statistical 

and matches the Poisson distribution. And in the situation that the counts are more 

than about 30, the Poisson can approach the Gaussian distribution. Thus, the 

measurement results can be treated as normal distribution. 
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CHAPTER III 

GENERAL PROPERTIES OF RADIAITON DETECTORS 
Before we discuss the specific silicon-based planar structural charged particle 

detector, now we outline general properties that apply to all kinds of detectors first. 

Included are the explanation of detector models and operation modes, the pulse height 

spectra, energy resolution and efficiency.  

3.1 Detector Models and Operation Modes 
We first describe a simplified detector model here. Attention is focus on the 

interaction of a single particle in the detector. As mentioned in Eq. (2.3), the stopping 

time is very small, thus we can assume the deposition of the energy instantaneous. In 

silicon detector, the radiation interaction result is the generation of certain amount of 

electric charge inside the active volume of the detector. The simplified detector 

assumes that charge Q appears at time t = 0 resulting from the particle interaction. The 

charge is collected to generate an electrical signal. Collection of the charge is achieved 

by the existence of an electric field inside the detector. The time to fully collect the 

charges can be quite different in different detectors. For instance, the collection time in 

ion chambers can be a few milliseconds, while the time in semiconductor diode 

detector can be as short as a few nanoseconds. The time reflects the mobility of the 

charge in the detector and the distance that the charge has to be traveled before 

collection. 

3.1.1 Simplified Detector Model 
We can depict a model for a prototypical detector: its response to a single 

radiation particle is a current that flows for the time equals to the charge collection 

time. Figure 3.1 shows one example for the current occur in the detector, where tc 

illustrates the collection time. 
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Figure 3.1 Detector Current Flow 

The integration of the current versus time equals to Q, the total charge that 

generated from the specific interaction: 

� 𝑖(𝑡)𝑑𝑡 = 𝑄
𝑡𝑐

0
 

In real situation, many interactions occur over a period of time. When the 

interaction rate is high, there may have coincident currents that come from more than 

one interaction at the same time. For the present discussion, we can assume that the 

rate is low and each interaction generates separate current flow. The magnitude and 

time of each pulse can vary according to different interactions; Figure 3.2 shows the 

current flowing in this case: 

 

Figure 3.2 Current Flow of Separate Interactions 
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It is important to remember that since the arrival of radiation is a random 

process described by Poisson statistics, the time intervals between current flows are 

also randomly distributed. 

3.1.2 Detector Operation Modes 
There are three basic detector operation modes: pulse mode, current mode and 

mean square voltage mode [9]. Pulse mode is the most commonly used while current 

mode and mean square voltage mode also have their specific applications. Although 

the three modes are distinct, they share the dependence on the current pulse that 

originated from the simplified detector model mentioned before. 

In pulse mode, the measurement is to record individual quantity of interactions 

in the detector. In common application, the time integration of the current pulse, which 

is also the total charge Q, is recorded because the energy deposited from the particle in 

the detector is correlated to Q. In other word, if the detector is used to measure the 

energy of separate particle, it must operate in pulse mode. This application is called 

radiation spectroscopy. 

In other situations, sometimes a simpler approach can meet the needs: all the 

pulses which surpass an energy threshold are registered in these detectors. This 

application is called pulse counting. 

If the event rate is very high, the pulse mode mentioned above is impractical. 

The time between contiguous events is too short to finish the integration, and different 

events overlap in this case. At that time, people can use the measurement techniques 

that measure the parameter using time average. Those are the two remaining modes: 

current mode and MSV mode. 

3.1.3 Pulse mode 
Pulse mode can preserve information about the amplitude and timing of 

separate interactions. The signal pulse generated from an interaction depends on the 

electronic characteristics (usually a preamplifier). The equivalent circuit can be 

represented as Figure 3.3: 
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Figure 3.3 Detector Equivalent Circuit 

R represents the input resistance, and C stands for the equivalent capacitance 

includes the detector itself and the measuring circuit. We care about the time-

dependent voltage across the load resistance. Two extremes of operation are 

determined according to the time constant of the measuring circuit. The output is 

shown in Figure 3.4 [9]: 

 

Figure 3.4 Detector Output Voltage With Different RC [9] 
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If RC is very small compared with the collection time, the current through the 

load resistance is almost equal to the instantaneous current in the detector. The voltage 

in this case thus has a shape that is nearly identical to the current produced within the 

detector as shown in Figure 3.4(b). Detectors with this characteristic usually work 

under the high event rates or under the situation that the timing information is more 

significant than the energy. 

It is usually more common to operate detectors in the other extreme where the 

time constant is much larger than the collection time. In this case, a little current flows 

through the load resistance during the collection time and the current is actually 

integrated on the capacitance. If the time between pulses is large enough, the 

capacitance discharges through the load resistance, bringing the voltage across the 

resistance back to zero. This case is shown in Figure 3.4(c). 

Since the latter case the most commonly used, we now draw some conclusions 

on this case. First, the time for the signal pulse to reach its maximum is related to the 

charge collection time in the detector. The external circuits don’t influence the rise 

time of the pulses. After the pulse reaches its peak, the decay time of the pulse is 

determined only by the load circuit. Second, the amplitude of the pulse is simply the 

charge Q divided by the equivalent capacitance C. Since the capacitance is fixed, the 

amplitude of the pulse is directly proportional to the total charge generated from the 

interaction within the detector. We can get the following equation: 

𝑉𝑚𝑎𝑥 = 𝑄 𝐶⁄  (3.1) 

The output of detector is thus continuous pulses which represent each 

interaction inside the detector. And the distribution of pulse amplitudes illustrate the 

corresponding distribution of the radiation energy. 

3.2 Pulse Height Spectra and Energy Resolution 
In a radiation detector with pulse mode operating, the amplitude of each 

individual pulse represents the information about the charge generated by the specific 

interaction inside the detector. If a large number of pulses are examined, their 
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amplitudes can give us a distribution. The variation may either due to the energy 

difference or from the nature of fluctuation. This pulse amplitude distribution is 

usually used to analyze the radiation incident or the detector operation itself. 

The most obvious way to show the pulse amplitude information is using 

differential pulse height distribution. Figure 3.5(a) [9] shows an example: 

Figure 3.5 Differential and Integral Pulse Height Spectra [9] 

The abscissa is linear amplitude of the pulses. The ordinate is differential 

number dN of pulses that are observed within the differential amplitude dH, divided 
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by the dH, or dN/dH. We can get the number of pulses by integration between the 

limits that we are looking at. 

From the differential pulse height spectra, users can get the features of the 

radiation source. The maximum observed pulse height (H5) is the point where the 

pulse distribution goes to zero. Peak in the graph (H4) indicates the pulse amplitude 

where a large number of pulses may be found. The opposite side (H3) represents the 

pulse amplitude where relatively less pulses occur. 

Another way to display the information is called integral pulse height 

distribution shown in Figure 3.5(b). It shows the same distribution from Figure 3.5(a) 

and they share the same abscissa. But now the ordinate illustrates the number of pulses 

whose amplitude are larger than the corresponding H. Thus the value at H = 0 is the 

total number of pulses. And with the H going higher, the number of pulses decreases 

continually. When goes to H5 at last, the value is zero. 

The next topic is energy resolution, and it is based on the pulse height spectra. 

The energy resolution is an important parameter in radiation spectroscopy. It can be 

explained from the differential pulse height spectra of the response to monoenergetic 

radiation source shown in Figure 3.6 [9].  

 

Figure 3.6 Different Responses to Monoenergetic Radiation [9] 
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The curve with “good resolution” represents one possible distribution across 

the average pulse height H0. The other curve labeled “poor resolution” depicts another 

detector’s performance. Given the same number recorded pulses, the areas under the 

two curves are same. Both of them are centered at H0, the width of the poor curve is 

larger than the good one. This width shows the fact that a big fluctuation occurs from 

pulse to pulse even a fixed energy is deposited in the detector. With the smaller 

fluctuation, the width is smaller and the spike is sharper. 

The formal definition of the detector resolution is called the full width at half 

maximum (FWHM) which is shown in Figure 3.7 [9]. It is defined as the width of the 

energy distribution at the level that is exact half of the ordinate peak. 

 

Figure 3.7 Definition of Detector Resolution 

The detector energy resolution is commonly defined as the FWHM divided by 

the peak energy H0. The energy resolution R is then a dimensionless parameter and 

shown as a percentage. It’s clear that the smaller the energy resolution is the better that 

two radiations whose energies are similar can be distinguished by the detector. 

There are many sources of fluctuation in the radiation detector. Those include 

the operating characteristics drift, random noise in the detector and the electronics 
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system and statistical noise from the interaction itself. The third noise is somehow the 

most important because it’s inevitable. It’s an internal limitation for the detector 

performance. 

The interaction statistical noise came from the fact that charge Q generated in 

the detector is not a continuous number but discrete charge carriers. It’s subject to 

random fluctuations although the amount of interaction energy is constant. 

We can estimate the amount of this fluctuation by assuming the formation of 

each charge carrier obey the Poisson process. Under this situation, if N charge carriers 

are generated on average, one can expect a standard deviation √N. If we assume this is 

the only source of fluctuation, the curve in Figure 3.7 should have a Gaussian shape 

since N is usually a large number. We can write Gaussian function: 

G(H) =
𝐴

𝜎√2𝜋
∙ exp �−

(𝐻 − 𝐻0)2

2𝜎2
� (3.2) 

We can get FWHM = 2.35σ. 

The response of most detectors is linear and the average pulse amplitude H0 

can be represented by KN, where K is a constant. The standard deviation of the pulse 

height spectra is then σ = K√N and the FWHM is 2.35K√N. With all these, we can 

calculate a resolution limitation R: 

𝑅𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝐿𝑖𝑚𝑖𝑡 ≡
𝐹𝑊𝐻𝑀
𝐻0

=
2.35𝐾√𝑁

𝐾𝑁
=

2.35
√𝑁

(3.3) 

We can see that the limitation related only to the charge carriers quantity, and 

the energy resolution improves when N is increased. From Eq. (3.3) we can calculate 

that if N is greater than 55,000, the energy resolution is better than 1%. The good 

detector should have large number of charge carriers generated. This is the exact 

reason why semiconductor detectors are popular. 

Further measurement indicates that real radiation detectors can achieve R 

lower than the statistical prediction above. The reason is that the processes to form 

charge carriers in the detector are not independent, and thus the N cannot be described 
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by Poisson statistics. The Fano factor is introduced to solve the problem. It is defined 

as: 

F ≡
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑛 𝑁

𝑃𝑖𝑜𝑠𝑠𝑜𝑛 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 (= 𝑁)
  (3.4) 

We can also rewrite the Eq. (3.3): 

𝑅𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 𝐿𝑖𝑚𝑖𝑡 =
2.35𝐾√𝑁√𝐹

𝐾𝑁
= 2.35�

𝐹
𝑁

  (3.5) 

The other sources of fluctuation in the system can be combined with the 

inherent statistical one. The total FWHM can be calculated by the quadrature sum of 

individual FWHM values: 

(𝐹𝑊𝐻𝑀)𝑜𝑣𝑒𝑟𝑎𝑙𝑙
2 = (𝐹𝑊𝐻𝑀)𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙

2 + (𝐹𝑊𝐻𝑀)𝑛𝑜𝑖𝑠𝑒
2 + ⋯ 

3.3 Detector Efficiency 
Radiation detector produces a pulse for each particle that interacts inside its 

active volume. In semiconductor alpha particle detectors, the intrinsic efficiency can 

be nearly 100%, which means that all the alpha particles that went into the detector 

active volume is recorded [9]. The efficiency then only depends on geometrical 

efficiency: 

N = Ω 4𝜋⁄   (3.6) 

where Ω is the solid angle subtended by the detector to the source. It is 

calculated by integration over the detector surface: 

Ω = �
cos𝛼
𝑟2

𝑑𝐴  (3.7) 

where r is the distance between source and the surface element dA, and α 

represents the angle between the normal to the surface element dA and the source 

direction. If the source volume exists, then there should be a second integration on the 

volume elements of the source. If we assume the source to be a point located on the 

axis of a circular detector, Ω can be calculated by: 
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Ω = 2π ∙ �1 −
𝑑

√𝑑2 + 𝑎2
� (3.8) 

The case is in sketch [9] below: 

The efficiency for 15 mm diameter detector is shown in Figure 3.8: 

Figure 3.8 Detector Efficiency vs. Source-Detector Distance 

In real case, the situation is usually more complex and it’s better to get the 

efficiency from experiments. 



Texas Tech University, Yang Yang, May 2014 

25 

CHAPTER IV 

DETECTOR FABRICATION 
The most popular detectors nowadays are semiconductor detectors. The 

biggest advantage of semiconductor detectors compared to other types of particle 

counters is that they have great energy resolution, which gives them the ability to 

distinguish specific particle energy and thus lead to better particle spectroscopy. There 

are several other advantages: linear response over wide energy range; higher 

efficiency; fast pulse rise time; vacuum working ability. Some drawbacks of 

semiconductor detectors are size limitation, performance degradation results from 

radiation damage. In this chapter, we first cover the properties of semiconductors and 

how they can be used as particle detectors. Then we discuss the proposed detector: 

silicon-based planar structural charged particle detector. At last we cover the 

fabrication issues of this detector. 

4.1 Semiconductor Properties 

4.1.1 Band Structure 
The energy of electron within any materials must be confined to energy bands, 

which are separated by forbidden energy gaps. Figure 4.1 [12] shows the 

representation of the bands structures of insulators and semiconductors. 

Figure 4.1 Band Structure of Insulators and Semiconductors [12] 
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The lower band is called the valence band where the outer-shell electrons are 

bound to lattice inside the crystal. The higher band is called the conduction band and it 

contains the electrons which are free to move inside the crystal. Electrons in the 

conduction band contribute to the conductivity. There is a middle area called bandgap 

between the two bands. The bandgap actually determines whether the material is 

semiconductor or insulator. In order to gain conductivity, electrons have to cross the 

bandgap from valence band to conduction band. The semiconductors have 

considerably less bandgap (around 1.1 eV for silicon) than the insulators which are 

usually more than 5 eV. 

4.1.2 Charge Carriers 
Electrons in the valence band gain thermal energy and join conduction band at 

nonzero temperature. The excitation also produces a vacancy (called hole) in the 

valence band. The free electron and the hole together is called electron-hole pair. 

Under electronic field, they move in opposite directions and the motion contributes to 

the material conductivity. 

The electron-hole pair generation probability per unit time is given by: 

p(T) = C𝑇3 2⁄ ∙ exp �−
𝐸𝑔

2𝑘𝑇
�  (4.1) 

where T is the absolute temperature; Eg is the bandgap energy; k is the 

Boltzmann constant and C is the material’s proportionality constant characteristic. 

Since Eg is in the exponential term, the bandgap energy can largely influence the 

thermal excitation probability. With several electron volts bandgap, thermal excitation 

can cause the conductivity high enough and the material is classified as semiconductor. 

The electron-hole pairs finally recombine if there is no applied electric field. 

When there is an electric field, the electrons and holes will perform a migration. 

The drift velocity in silicon is shown in Figure 4.2 [13]: 
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Figure 4.2 Electron and Hole Drift Velocity [13] 

In the figure, absolute temperatures are the parameters for different curves. We 

will see later that semiconductor detectors are operated under high electric field. The 

velocity in real case is near the saturation velocity and is of the order of 107 cm/s. The 

distance required to collect the charge carriers is 600 μm or less. Thus the collection 

time can be under 10 ns which make the semiconductor detector one of the fastest-

responding detector. 
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4.1.3 Effect of Impurities 
In pure semiconductor, all the electrons in conduction band are caused by 

thermal excitation. It is called intrinsic semiconductor. However, the case is 

impossible to achieve and real electrical characteristics for semiconductor are usually 

controlled by the small amount impurities. 

In intrinsic silicon, the concentration of electrons in conduction band is equal 

to the concentration of holes in the valence band. The intrinsic carrier densities under 

equilibrium at room temperature are 1.5*1010 cm-3 in silicon: 

𝑛𝑖 = 𝑛𝑝 = 1.5 × 1010𝑐𝑚−3  (4.2) 

In N-type silicon, we assume there have small amount of impurity in group V 

of periodic table. Figure 4.3(a) [9] show the case: 

 

Figure 4.3 Impurity in Silicon [9] 

We can see that one phosphorus atom take the place of one normal silicon 

atom. Since there are five valence electrons around the impurity atom, there is one left 

after the formation of all covalent bonds. This is also a very loosely bound electron 

whose band is shown in Figure 4.3(b). Since phosphorus provides one extra electron, 

it is called donor impurities and the donor levels only have a little energy difference 

from the conduction band. The probability of thermal excitation is very high and a 

large portion of the donor impurities are ionized. The impurity concentration ND is 
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very large compared to the electrons in the conduction band from the intrinsic material. 

We can write: 

n ≅ 𝑁𝐷  (4.3) 

The larger concentration of electrons can cause an increase of the 

recombination and shift the equilibrium between electrons and holes. Then the 

concentration of the holes decrease to keep the product of n and p same as the intrinsic 

material: 

np = 𝑛𝑖 ∙ 𝑝𝑖  (4.4) 

If the donor’s impurity is 1017 atom/cm3 (which is 2 parts per million), the 

electrons concentration is then 1017 cm-3 and the holes concentration is 103 cm-3. The 

doped semiconductor then has a much better conductivity than the corresponding 

intrinsic material. 

In a word, the N-type material has a large number of conduction electrons. The 

electrons are called the majority carriers while the holes are minority carriers. On the 

other hand, the P-type material holds many holes similar to the electrons in N-type 

material. 

4.1.4 Trapping and Recombination 
The impurities can cause decrease of the charge carriers’ lifetime through 

trapping and recombination. The impurities with energy levels in middle of the 

forbidden gap are called “deep impurities” (compared to acceptor or donor whose 

energy level lies near the edge of the forbidden band). The deep impurities can trap 

charge carriers for a relatively long time. Although the charge carriers are released at 

last, the trap time is often long enough to prevent them from contributing to the 

corresponding pulse. 

The recombination is through similar impurities. There are chances that the 

impurities first capture a conduction electron and then a hole from the valence band. 

The electron can fill the hole under this situation. 
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The trapping and recombination consume charge carriers. To make a good 

detector, most of the carriers created by the particle interaction should be collected. 

That needs the collection time to be short compared to the carrier lifetime. 

4.2 Semiconductors as Radiation Detectors 
In previous chapters, we discussed some basic concepts of radiation 

measurement and radiation detector. Here we will see the details of how to use 

semiconductors as radiation detectors. 

4.2.1 Ionization Energy in Semiconductor 
When charged particles went into semiconductor, they generate many electron-

hole pairs around the track. These charge carriers are the foundation of detection. The 

average energy from the charged particle to make one electron-hole pair is called the 

ionization energy. From this energy and the number of electron-hole pairs counted by 

the outside circuits, we can get the energy of the original charged particle. 

The advantage of semiconductor detectors is that they have the smallest 

ionization energy among different kinds of detectors. In silicon, the ionization energy 

is about 3.62 eV at room temperature [12]. For comparison, the ionization energy to 

generate an ion pair in gas-filled detectors is about 30 eV. Thus, the number of 

generated charge carriers in silicon detectors is about 10 times of the number in gas-

filled detectors for a specific charged particle. With bigger number, we can get better 

resolution since the process follows the statistical fluctuation. We can also expect 

better signal-to-noise ratio because of the stronger electronic signal. 

4.2.2 The p-n Junction 
When we put n-type and p-type material together, the area near the junction 

can bring many favorable properties for radiation detectors. The junction is usually 

formed by changing the impurity content of one side in a single crystal. For example, 

if we start from n-type wafer, we can change the surface to p-type using ion-

implantation, then we can get p-n junction under the p-type layer. 
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The p-n junction is shown in Figure 4.4. Because of the different concentration 

of charge carriers, there is diffusion happening around the junction. Electrons in n-

type material migrate to p-type material and combine with holes. This can leave 

ionized donor impurities with positive charges. Likewise, the holes in p-type material 

move to n-type material and leave acceptors with negative charge. With the 

accumulated space charge, there is a new electric field which can prevent the further 

diffusion, and then a steady condition is formed inside the p-n junction. We call it 

depletion region where the charge imbalance exists.  

 

Figure 4.4 p-n Junction and Depletion Layer 

The depletion region has some great characteristics as the medium for the 

detection of radiation. The depletion electric field pushes electrons created inside the 

depletion region to n-type material. On the other direction, holes are swept to p-type 

material. The depletion region then has little conductivity and shows a very high 

resistivity. The electron-hole pairs created by radiation particle are swept out from the 

depletion region and form the basic electrical signal for radiation detection. 

4.2.3 p-n Junction with Reverse Biasing 
The p-n junction without external voltage can be used as detector, but with 

very poor performance. The reason is that the contact potential is about 1 V and that is 

not strong enough to move the charge carriers quickly. With the slow moving, the 

charge carriers are vulnerable to trapping and recombination. Also the collection is 
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always inadequate. Without bias voltage, the depletion layer is relatively thin and the 

capacitance of the junction is usually high. This can generate a poor noise 

performance when the detector is connected to a preamplifier. For all the reasons 

above, a reverse biasing voltage is usually applied to the p-n junction to get better 

results. 

With the reverse biasing, the depletion region is thicker and thus the radiation 

interaction volume is also extended. Almost all the voltage appears across the 

depletion layer because it has a high resistivity compared to doped material. 

4.3 Choose the Silicon Detector Parameters 
From [9], we can get the depletion layer thickness by: 

𝑑 ≅ (2 ∙ 𝜖 ∙ 𝜇)1 2⁄ × (𝑉 ∙ 𝜌𝑑)1 2⁄  (4.5) 

where ϵ is dielectric constant of the medium, μ is the mobility of the majority 

carrier, V is the reverse bias voltage and ρd is the resistivity of the doped material. 

We can also get the capacitance per unit area by: 

𝐶 =
𝜖
𝑑
≅ �

𝜖
2 ∙ 𝜇

�
1 2⁄

× (𝑉 ∙ 𝜌𝑑)−1 2⁄   (4.6) 

When we design the detector, there are two parameters that we can choose: the 

reverse bias voltage and the resistivity of the doped material. These parameters can 

directly influence the depletion layer depth and the detector capacitance. We want to 

have smaller capacitance for the concern of noise. Thus we need to choose high 

resistivity and high reverse bias voltage. With higher reverse bias voltage, there are 

some difficulties in the further electronic system design and the high voltage may also 

break down the p-n junction. So we’d better choose a decent reverse bias voltage for 

the detector. For the resistivity, the more pure wafer usually comes with higher price 

tag, so there is a trade-off here. For this project, X-fab chose the n-type FZ wafers with 

2000 ohm-cm resistivity. They have lower oxygen with much less crystal defects. 
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The equations above are somehow complex to use, we can actually use the 

nomogram shown in Figure 4.5 [14] to find the relationship between the parameters in 

silicon radiation detector. 
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Figure 4.5 Nomogram for Silicon Detector Parameters [14] 
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The green line shows the proposed design in this project. We use 2000 Ohm-

cm n-type wafer as the starting material where we can pin a point on the leftmost line. 

Then with a desired 300 μm depletion layer depth and the corresponding 0.35 pF/mm2 

capacitance, we can pin a point on the middle line. Then we connect the two points 

and extend it to the rightmost line where we can get the 150 V bias voltage. One more 

thing in the nomogram is that with the settled point of depletion layer depth and the 

capacitance, we can draw a horizontal line to get the particle energy which the 

depletion layer can totally stop. In our proposed detector, it can stop up to 23 MeV 

alpha particles. Back in Chapter 2.2.1, we knew that the interested alpha particle 

energy is less than 6.5 MeV. Thus this design has enough capability to stop all the 

alpha particles that we are interested in. If we want to have other design, just move the 

points on the nomogram and then we can get the desired detector parameters. 

4.4 Silicon-based Planar Structural Charged Particle Detector 
The planar structure is firstly developed in semiconductor industry to build 

integrated circuits. With ion implantation and photolithography methods in the 

technology, it is very suitable to fabricate silicon detectors [15][16]. The detectors 

fabricated in this way also feature ultra-low leakage currents and great operational 

characteristics [17][18]. 

We can get several advantages through planar fabrication: the junction edges 

are formed by ion implantation and thus they can be kept inside the bulk of the 

detector. Then the oxide-passivated surface can control the leakage current in a very 

low level. Secondly, the p+ layer is fabricated through ion implantation and this can 

yield a very thin and uniform entrance window (dead layer). Later on, we can see that 

this can also provide controllability of entrance window doping profile and then lead 

to a better energy resolution. At last, the aluminum front surface can provide a rugged 

layer to protect the detector and shield it from the light. Next let’s discuss the 

fabrication details. 
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4.5 Planar Structural Detector Fabrication 

4.5.1 Process Flow 
The proposed process flow is based on the ideas in [15]. Figure 4.6 – 4.11 

show the flow in both vertical and horizontal view of the wafer. 

Figure 4.6 Initial Cleanup and Oxidation 

The fabrication begins with 2000 ohm-cm resistivity n-type FZ silicon wafers. 

We first polish and clean the wafer. The wafer surface is then “passified” with a 2500 

A thickness oxide layer. The layer is used to further patterning and to protect the wafer. 
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Figure 4.7 Backside Process 

Then we do the back side blanket process. Since we only want an N+ layer and 

later an aluminum connection layer on the back side, there is no need to concern about 

the back side pattern. We first cover a hard baked photoresist on the front side to 

protect it from back side oxidation wet etching. After we reach the back side silicon 

wafer, we stop the etching and then strip the front side photoresist since it can pollute 

the equipment in following step. With all these done, we do arsenic ion implantation 

with 30 keV and 5*1015 cm-2 dose on the back side. 
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Figure 4.8 Open Window Patterning 

The technique of photolithography is applied to etch selected areas of 

oxidation where the entrance windows of the detectors are located. When considering 

open window shape, since the junction edges contribute to the leakage current noise of 

the detector, and the area contributes to the signal of the detector. We can get bigger 

SNR from round detector than rectangle detector with the same area. Thus we choose 

circle as our detector shape. With 20mm * 20mm mask area, we use 8/12/16 mm 

diameter splits in the fabrication. 
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Figure 4.9 Open Window Process 

Next we deal with the front side ion implantation. After etching the oxidation 

covered on the open window, we use boron with 5*1014 cm-2 dose and 20/30 keV 

energy splits for the front side ion implantation. The doping profile can influence the 

dead layer thickness and thus affect the energy resolution. The limitation for X-fab 

equipment is around 20 keV, and another 30 keV is applied to investigate the 

influence on the detector performance. After the ion implantation, the wafer is 

annealed to make the impurities diffused into substitute positions in the silicon lattice. 

We choose 800/1000 ℃ process splits to inspect the annealing temperature’s influence 

on detector performance. 
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Figure 4.10 Thick Aluminum Deposition and Patterning 

Finally we evaporate the metal. For front side, we need thin aluminum covered 

on the open window so that it doesn’t influence the energy resolution. But the thin 

aluminum is vulnerable and we can’t make connection through it. Thus we first 

evaporate a thick layer of aluminum on the front side and then use the same mask 

from step 11 to generate the pattern for further thin layer deposition. In the project, we 

choose 7500 A thickness, Al-Cu(0.5%) deposition. 
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Figure 4.11 Cover Aluminum Deposition 

After the patterning, we etch the thick aluminum on the open window area and 

then evaporate a 500 A thin aluminum to cover the detector. At last we apply standard 

aluminum deposition on the back side of the wafer. 

4.5.2 Metal Deposition Concerns 
In front side metal deposition from step 18 to 26, we have several concerns. 

First: in step 21, we use the same mask as the open window in step 11; however, there 

may have some misalignments between the two steps. We can put “stepper structure” 

to align the wafer before exposure, but since we use the same mask, we can’t put 

“layer-to-layer structure” to measure the misalignment after the exposure. The 

misalignment can be as much as +/- 400 nm according to X-fab. The output of the 

misalignment is shown in Figure 4.12. 
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Figure 4.12 Aluminum Deposition 

In this project, the 400 nm misalignment doesn’t present a huge influence 

because the geometry of the detector is much larger than it. It only has a little 

deviation from the edge. We can also see that there are some bat caves existing after 

we etch the aluminum. In step 26 thin aluminum deposition, the bat cave can be fixed 

by the new layer of metal. We would have a good connection and cover on the 

detector surface.
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CHAPTER V 

NOVEL DOPING PROFILE IN FABRICATION 

5.1 Dead Layer Influence on Detector 
As mentioned in Chapter 4, there is a thin aluminum layer and a p+ doping 

layer on top of the detector surface. They both absorb energy when charged particles 

go through. All the ionized charge carriers caused by alpha particles in these two 

layers recombine before they can be collected. Thus there is a deficit existing in the 

final measured energy of the particle which is equal to the energy the particle loses at 

the entrance layers. We usually call this entrance layer “dead layer”. 

Back in Chapter 2, we investigated the amount of energy loss through 

materials. The amount is proportional to the travelling distance [10]. It is also related 

to the material’s atomic weight and density according to Bragg-Kleeman rule [7]. For 

simplicity, we can get stopping energy for different charged particles in Silicon and 

Germanium detectors from Figure 5.1 [19]. 

 

Figure 5.1 Stopping Power vs. Particle Energy [19] 
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The vertical stopping power in the graph is (1/ρ)(dE/dx), where ρ is the density 

(for silicon it is 2.33 g/cm3), dE is the incremental energy lost through the incremental 

distance dx. For example, a 5 MeV alpha particle loses approximately 7 keV energy 

during 500 Å equivalent silicon dead layer. 

There is a fluctuation brought by the dead layer since particles are injected into 

the detector surface with different directions. The injections are shown in Figure 5.2. 

Figure 5.2 Dead Layer Influence on Different Injection Angles 

As we can see, the particles whose inject direction are perpendicular to the 

surface have the minimum travelling distance through the dead layer. With increase of 

the injection angle, the particles have longer distance to go through. According to 

trigonometry, we can calculate the distances. For example, with 45 degrees injection 

angle, the travelling distance is 1.414 times the dead layer thickness. The distance 

differences can cause different energy losses and thus influence the spectroscopy 

resolution. 
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However, in alpha spectroscopy applications, very close sample-to-detector 

distances are usually used [20]. The close spacing can improve the detector geometric 

efficiency and is required for low-level alpha spectroscopy. Under this situation, more 

alphas enter the detector at an acute angle – with a corresponding variation in energy 

loss (straggling) in the dead layer. This can worsen the energy resolution. 

The state of art industrial approach to overcome the dead layer influence is to 

develop proprietary techniques for minimizing detector window thickness [5]. The 

thinner the dead layer is, the less straggling occurs. In this thesis, we propose a novel 

doping profile not only take advantage of the thin entrance window, but also apply 

different doping depth to further improve the detector performance.  

5.2 Dead Layer Breakdown 
The dead layer of silicon-based planar detector includes a thin aluminum layer 

and a doping layer. The aluminum is deposited on the surface using evaporation 

method. We can only control the overall thickness of this layer. In fabrication, we 

want this layer to be as thin as possible. 

However, in terms of the p+ doping layer, we can control the thickness by 

using different doping energies. The boron implanted atom distributions with different 

doping energies are shown in Figure 5.3 [9]. 
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Figure 5.3 Boron Implanted Atom Distributions [9] 

With higher doping energy, we get deeper distribution and thus thicker layer. 

We can get the doping thickness using Figure 5.4 [9]. 

 

Figure 5.4 Projected Range for Different Ions [9] 



Texas Tech University, Yang Yang, May 2014 

47 

Using this controllability together with photolithography technology, the novel 

detector doping profile is discussed next.  

5.3 Novel Doping Profile 
In the improved design, we use different masks to pattern different doping 

areas. With different doping energies, we can get different dead layer thickness in 

different areas. The cross section view of the new detector is shown in Figure 5.5. 

Figure 5.5 Improved Detector Doping Profile 

In this novel doping profile, we have step doping depth. In the middle, we have 

the thickest doping. The dead layer goes thinner and thinner to the outside circles. 

Thus the particle with bigger inject angle goes through thinner dead layer before it 

reaches the active volume. With this design, we can offset the influence of the 

injection angle. 
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Matlab is used to simulate the influence of the novel design, with 500 A 

uniform thickness dead layer, the standard deviation of the energy straggling is shown 

in Figure 5.6: 

Figure 5.6 Fluctuation vs. Distance – Uniform Dead Layer 

With novel doped detector which has 1000 A thickness dead layer in the 

middle to 500 A thickness on the edge, and different number of doping steps, we can 

sketch Figure 5.7: 
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Figure 5.7 Fluctuation vs. Distance – 1000-500 A Dead Layer 

  If we configure the doping profile with 750 A thickness dead layer in the 

middle to 500 A thickness on the edge, and different number of doping steps, we can 

sketch Figure 5.8: 

Figure 5.8 Fluctuation vs. Distance – 750-500 A Dead Layer 
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From Figure 5.6 – 5.8, we can conclude that our proposed novel doping profile 

can theoretically improve the detector resolution under small source-detector distance, 

which is usually the working environment for alpha spectroscopy applications. 
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CHAPTER VI 

CONCLUSION AND FUTURE WORK 
In this thesis, we firstly outlined the basics of charged particle detection and 

spectroscopy. Then we covered the design and fabrication concerns of the silicon-

based planar structural detector. After discussion of the process flow, we proposed a 

novel doping profile and proved the performance improvement by simulation at last. 

Because of time limitation and business concern, there still have more work 

needed to be done in the future. First is to finish the detector fabrication and test 

system building together with X-Fab and Ludlum. With the final product, we can then 

verify the detector performance and novel doping profile’s performance contribution. 

At last, we can further improve the novel doping profile with advanced algorithms and 

experiments. 
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APPENDIX A 

ORTEC DETECTOR SPECIFICATION 

Figure A.1 ORTEC Detector Data Summary
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APPENDIX B  

PROPOSED PROCESS FLOW 
Step Process Step Description Comment

1 Start with 2000 ohm-cm n-type silicon wafer FZ, N-Type <111> Phos. Doped with resistivity > 2000 ohm-cm
2 Initial Cleanup
3 Oxidation Chlorine oxidation. Target 2500 A thickness.
4 Photoresist Coating
5 Hard Baking Protect front side oxide during oxide etch
6 Oxide Etching Wet etch back side oxide
7 Front Side Photoresist Strip Prevent contamination of implanter
8 Back Side Ion Implantation Arsenic, 30 keV with 5*10e15 dose

Front Side Fabrication
9 Photoresist Coating

10 Soft Baking
11 Mask-Wafer alignment and exposure Open ion implantation window. 8, 12 and 16 mm diameter circle splits
12 Photoresist Develop
13 Hard Baking
14 Oxide Etching Wet etch 2500 A chlorine oxide
15 Photoresist Strip
16 Ion Implantation Boron, 5*10e14 dose, 20 keV and 30 keV splits.
17 Annealing 30 minutes with 800 and 1000 degree Celsius splits
18 Thick Aluminum deposition 7500 A thickness Al-Cu(0.5%)
19 Photoresist Coating
20 Soft Baking
21 Mask-Wafer alignment and exposure Use same mask from step 4
22 Photoresist Develop
23 Hard Baking
24 Aluminum Etching Dry etch 7500 A metal on the open window
25 Photoresist Strip Wet clean up
26 Thin Aluminum deposition 500 A thickness Al-Cu(0.5%)

Turn Over to Back Side Aluminum Deposition
27 Back Side Aluminum deposition Standard process Al-Cu(0.5%)
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