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ABSTRACT 

Astronomers need single photon detectors to detect 

very faint light sources from deep space. An avalanche 

photodiode in the geiger mode is especiallly suited for the 

detection of single photons. 

Three by three arrays of avalanche photodiodes were 

fabricated. Breakdown voltages of 200V were measured. 

Large reverse currents prevented operating the array in the 

geiger mode. An improved design which minimizes the reverse 

current is needed. 

A commercial avalanche photodiode especially made 

for the geiger mode was tested and compared to a general 

purpose avalanche photodiode. Using the general purpose 

avalanche in the geiger mode was found to be unacceptable 

because when exposed to a weak light source, 90% of the 

output pulses were dark current pulses. 

A computer interface circuit was designed to read 

the time and location where photons were absorbed by the 

array. The circuit performed its function qualitatively, 

but it had a false triggering problem. 
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CHAPTER I 

INTRODUCTION 

This thesis investigates the use of avalanche 

photodiodes to count photons. Chapter II describes a 

generalized photon counter. A photomultiplier is compared 

to an avalanche photodiode. Chapter III discusses how an 

avalanche photodiode operiates in the linear and geiger mode. 

Chapter IV discusses the solid state design of a reach-

through avalanche photodiode and the solid state design of a 

guard ring avalanche photodiode. The design of a reach-

through avalanche photodiode array was aborted because of 

difficulties in selectively thinning silicon wafers. A 3 by 

3 avalanche photodiode array using a guard ring structure 

was fabricated instead. 

By exposing a commercial avalanche photodiode 

specially designed for the geiger mode to a weak light 

source, its signal-to-noise ratio was measured. These 

results are compared to the results obtained using a general 

purpose avalanche photodiode in chapter V. Chapter V also 

describes the test results obtained from the fabricated 3 by 

3 avalanche photodiode array. Chapter VI describes the 

circuit and the assembly language program designed by the 

author to read the time of arrival and position of photons 



absorbed by the 3 by 3 array. This data is stored into 

memory of a personal computer. 
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CHAPTER II 

THE THEORY OF PHOTON DETECTION 

For deep space imaging applications astronomers need 

a very sensitive detector to detect very faint light 

sources. In order to understand the theory of detecting a 

very faint light source, consider the ideal photon detector. 

Light consists of particles of energy called photons. If an 

ideal photon detector is placed in a very dark environment 

where only a few photons per second are incident on the 

detector, the ideal detector can convert each photon into a 

large quantity of electrons. Then the detector system 

output waveform would be a sequence of narrow equal-ampli

tude pulses as shown on Figure 2.1, one pulse for each 

photon. The optimum way to process the information would be 

to count the number of pulses per second. 

An array of these ideal detectors can be used to 

create a vision system. The system could record the 

position and time of arrival of each photon on the array. 

The position is determined by the row and column of the 

detector where the photon was absorbed. Developing a system 

which can provide the user with the position and time of 

arrival of photons impacting an array of avalanche photo-

diodes is a goal of this thesis. This is no easy task. In 
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A f l  A A A  f l A - f t -

Figure 2.1: Waveform for low count rate. Tp 
determined by detector or filter response. [1] 

I 

Figure: 2.2: Waveform for large number of pulses per unit 

response time. [1] 
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most optical and infrared detection systems developed for 

this purpose either the pulse rate is so high that the 

pulses overlap and become indistinguishable, or competing 

noise in the detector or amplifier circuits makes individual 

pulses nondistinguishable from the noise fluctuations. (See 

Figure 2.2.) 

The sensitivity involved in detecting individual 

photons can be compared to the human eye. Dr. Bartiett [2] 

of the University of Arizona performed psychological 

experiments on human subjects fully adjusted to the dark. 

By shining a short flash of light of wavelength 510 nano

meters on the subject's eyes and by decreasing the intensity 

of the light until the subject could only detect the flash 

half of the time, Bartlett found the threshold energy to be 

about 3.8 X 10-10 ergs. This energy at 510 nanometers 

corresponds to 100 photons. Thus a single photon counting 

detector is two orders of magnitude more sensitive than the 

human eye. 

To make a photon counting detector a high gain is 

needed in the photodevice itself in order for the following 

electronic circuitry to detect the event. The most sensi

tive way to detect the small quantity of electrons coming 

out of the photodevice is to collect and store the electrons 

on a capacitor. This capacitor can be a part of the first 
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stage of the detection circuitry called the preamplifier 

stage. 

Figure 2.3 shows two basic preamplifier circuits: 

the voltage sensitive preamplifier circuit and the charge 

sensitive preamplifier. In both cases the voltage on the 

capacitor is 

Vp = q/C (2.1) 

where q is the total charge in coulombs and C is the 

capacitance. The quantity of electrons on the capacitor has 

to be large enough to create a signal voltage at least a few 

times larger than the noise voltage. Dr. Sherman Poultney 

[3] has done a generalized analysis of single photon detec

tion using the schematic shown in Figure 2.4. The 

photodevice can be a photomultiplier, microchannel 

multiplier, an avalanche photodiode or other photodevice. A 

noise analysis on the input circuit of the preamplifier 

circuit must be done to determine the gain in the photo

device needed to create a detectable voltage pulse on the 

capacitor above the noise. The equivalent input circuit of 

the preamplifier is shown in Figure 2.5. The mean square of 

the thermal or Johnson noise associated with the resistor R 

is 

<ij 2> = 4kTdf/R (2.2) 

where df is a small increment in the frequency spectrum. 
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Figure 2.3: Operating principle of the voltage amplifier 
(left side) and the charge-sensitive amplifier (right side). 
[4] 
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Figure 2.4: Schematic of single photon detection and timing 
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Figure 2.5; Equivalent circuit of input of charge to a 
potential well. [7] 
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Using current divider techniques reveals that the noise 

current through the capacitor is 

ic = ijR/(R + 1/jwC) = jwRCij/[l + jwRC] (2.3) 

where 1/jwC is the reactance of the capacitor. To find the 

total amount of charge noise present, multiply ic by time, 

then integrate the noise power spectrum of the resulting 

noise charge over all frequencies to give the mean square 

charge, 

CO 

< Q n =  I  Q n '(w)dw ( 2 . 4 )  

40 
= l/2nf [t 3 / ( 1  +  w 2 t 2 ) ]  t4kT/R]dw (2.5) 

"'o 

where t = RC and dw = 2ndf. Substituting a variable of 

integration for x = wx, with dx = Tdw gives 

00 

<Qii a> = [4kTT/2nR] f dx/[1 + x2] = kTC (2.6) 
•'o 

00 

since f dx/[l + x^] = n/2. (2.7) 
^0 

This noise associated with transferring charge onto a 

capacitor is often called kTC noise. It depends only on the 

temperature and the capacitance and is independent of the 

resistor value. If a small IpF capacitor is used to 

minimize the noise, the total noise charge across the 

capacitor is equivalent to 402 electrons at room temperature 

(300<*). This is a practical lower limit. Thus to be able 
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to count single photons a noiseless gain o£ at least 2,000 

is needed in the photodevice. This gain would create a 

signal 5 times greater than the thermal noise in the 

parallel RC preamplifier detection circuit. 

Thus a photon counting detector must be able to do 

two things; (1) convert the absorbed photon to an electron 

and (2) amplify the photoelectron by a factor of at least 

2 X 10^ without noise. 

There are two distinct classes of photon detectors: 

photoconductive and photoemissive detectors. (Photodiodes 

are included in this broad definition of photoconductive 

detectors.) In the photoconductive detectors, the photon is 

absorbed in the bulk of a solid semiconducting material 

producing an electron-hole pair internally. In the photoe

missive detectors, the photon impacts a solid photocathode 

material releasing a photoelectron externally into the 

vacuum environment. 

Almost all photon counters use a photoemissive 

photocathode at the first stage where the photons are 

detected. The problem with all photoconductor detectors 

except for avalanche photodiodes is meeting the second 

criterion, amplifying the photoelectron by a factor of at 

least 2 X 10^. Among all of the photoconductive detectors— 

photoconductors, p-i-n diodes, metal-semiconductor diodes, 

charge-coupled-devices, charge-injection-devices, silicon 
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diode arrays, and avalanche photodiodes—only the avalanche 

photodiode has the mechanism to amplify the photoelectron by 

a factor of at least 2 x 10^. 

On the other hand photoemissive detectors can obtain 

gains of up to 10^ without the use of a resistance by means 

of secondary electron emission. The photomultiplier tube 

(Figure 2.6) and microchannel tubes (Figure 2.7) are two 

common instruments which employ secondary electron emission 

to multiply the photoelectron. The problem with photo-

emissive detectors comes at the first stage, the photo-

cathode, where a photon generates an electron-hole pair. If 

a photon is absorbed deep into the photocathode, the 

probability that the generated photoelectron will be emitted 

into the vacuum is small. There is no force to pull photo-

electrons to the surface of the photocathode. Conduction 

electrons created deep in the photocathode material will 

lose their energy in electron-phonon interactions before 

they can diffuse to the surface. 

The photon flux varies as with depth in a solid 

where a is the absorption coefficient. Thus the depth of 

penetration of a photon into a photodetector material varies 

inversely with a. Figure 2.8 shows the optical absorption 

coefficient, a, as a function of wavelength for various 

materials. Light penetration is the reciprocal of a. 

Figure 2.8 shows that high wavelength light penetrates deep 
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into the photocathode material thereby decreasing the 

probability that a photelectron will diffuse to the surface. 

The fact that high wavelength light has a small 

probability of being emitted into the vacuum can be demon

strated by looking at the quantum efficiency of photo-

cathodes. Quantum efficiency is defined as number of 

photelectrons produced divided by the number of absorbed 

photons. Figure 2.9 shows the quantum efficiency of photo-

cathodes. The best photocathodes only have a peak quantum 

efficiency of about 25%. Notice also that the quantum 

efficiency falls off sharply for wavelengths longer than 

.4 micrometers. Since the visible spectrum starts at 

.4 micrometers, relatively low quantum efficiency in the 

visible spectrum limits the performance of photoemissive 

detectors. This problem becomes quite apparent when we 

compare the quantum efficiency of photocathodes to the 

quantum efficiency of various photodiodes shown in Figure 

2.10. Figure 2.11 shows that the peak quantum efficiency of 

a silicon avalanche photodiode is 100% at 750 nanometers and 

the quantum efficiency is above 50% throughout the visible 

spectrum except the near-ultraviolet region from 400 to 500 

nanometers. 

Avalanche photodiodes have a much higher quantum 

efficiency than photomultiplier cathodes especially at wave

lengths greater than 550 nanometers. Avalanche photodiodes 
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are designed such that they operate with a very wide 

depletion region where photon absorption is detected. 

Practically all of the photoelectrons, even those created 

deep within the semiconductor, will be collected by a strong 

electric field. 

Avalanche photodiodes are cheaper, less bulky, have 

a higher quantum efficiency and can be operated at gain of 

10®. If avalanche photodiodes are so good, why are photo-

multipliers (or its derivative) used instead in almost every 

laboratory and field photon counting application? Avalanche 

photodiodes have other problems which will be discussed in 

the next chapter. Among these are avalanche noise in the 

linear mode at gains higher than 100, after-pulses in the 

geiger mode, and dark current pulses in the geiger mode when 

operating at room temperature. 
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CHAPTER III 

THE THEORY OF AVALANCHE PHOTODIODES 

All semiconductors have different values for the 

minimum energy needed to create an electron-hole pair. This 

energy called the band gap energy. Eg, is the minimum 

increase in energy that an electron in the conduction band 

has over an electron in the valence band. The band gap 

energy in silicon is 1.11 eV. Light with energy less than 

1.11 eV cannot generate electron-hole pairs. The energy of 

light is directly proportional to its frequency. The energy 

of one photon equals "hp" where "h" is Planck's constant and 

"p" is its frequency. This minimum energy to generate an 

electron-hole pair corresponds to a high wavelength cutoff 

of 

X= he/Eg = 1,120 nanometers (3.1) 

Hence light with wavelength longer than 1.12 nanometers 

cannot generate electron-hole pairs in silicon. 

The creation of electron-hole pairs by the 

absorption of a photon is not quite so simple for silicon 

because it is an indirect bandgap material. The most 

favored process for the creation of an electron-hole pair 

for an indirect material involves the absorption of a photon 
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and a concurrent emission or absorption of a phonon. A 

phonon is a quantized lattice vibration. 

Figure 3.1 shows a band diagram for silicon with an 

indirect transition which involves a phonon related to Ak, 

and a direct transition. Silicon is an excellent broadband 

photon detector. Figure 3.2 shows another graph of the 

absorption coefficients for selected semiconductors. The 

absorption coefficient for silicon, an indirect bandgap 

material, rises very gradually compared to the rise for a 

direct bandgap material such as GaAs. The slow rise is due 

to the indirectness of the bandgap. Since the transition 

requires interaction with phonons, the absorption occurs 

deeper in the material. GaAs, on the other hand, absorbs 

most of its radiation within 2 microns of the surface. 

Recombination rates at the surface of a semiconductor are 

higher than in the bulk material. The carriers generated in 

GaAs at wavelengths smaller than 550 nanometers recombine 

before they reach the junction. Thus the absorption in GaAs 

is limited to wavelengths in the 550-870 nanometer range. 

Silicon because of the gradual rise in its absorption 

coefficient curve can detect radiation in the broad region 

from 440 to 1100 nanometers. 

After a photon is absorbed in a photovoltaic 

material, the generated minority carrier must flow to the 

junction if the photon is to be detected. As the light 
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generated carriers pass through the junction they cause a 

detectable current flow. If the electron-hole pairs are 

generated on the n side of the junction, the current 

consists of the generated holes passing through the junc

tion. If the electron-hole pairs are generated on the p 

side of the junction, the current consists of the generated 

electrons passing through the junction. 

For the case of an avalanche photodiode a large 

reverse voltage near the breakdown region is always applied. 

When a charge carrier is accelerated by the field in the 

junction to a velocity exceeding a critical value, then the 

initial charge carrier can create secondary charge carriers 

by impact ionization. This provides gain in the device. 

Impact ionization in silicon can be initiated by 

electrons when the field in the junction exceeds 1.7 x 10° 

V/cm. It can be initiated by holes when the field exceeds 

2.8 X 10' V/cm. Figure 3.3 shows the ionization coeffi

cients for electrons and holes as a function of the field. 

The ionization coefficient is defined as the number of 

electron-hole pairs produced per centimeter of the drift 

path of the primary charge carrier. Electrons have a higher 

mobility than holes. Therefore a smaller field is needed 

for electrons to make their velocity exceed the critical 

value. 
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Figure 3.3: Experinental ionization coefficients for Si at 
room temperature. [12] 
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Figure 3.3 shows that the number of secondary charge 

carriers generated increases as the electric field in

creases. The electric field in the depletion region is 

determined by the external reverse bias voltage. Deter

mining the optimum reverse bias voltage is an important 

problem when using avalanche diodes as photodectors 

especially when they are operated in the linear mode. 

Avalanche diodes can be operated in the linear or the geiger 

mode. 

In the linear mode the amount of current out of the 

avalanche photodiode is measured to determine the intensity 

of the incident radiation. The photocurrent, Iph, is 

proportional to the arrival rate of incident photons 

according to the following equation: 

Ip h = n qPo p t/hv (3.2) 

where n is the quantum efficiency, q is the unit of electric 

charge and Popt is the incident optical power [13]. Using 

the single photon detection schematic shown in Figure 2.4, 

the gain, Gi, must be greater than 2 x 10° in order to 

measure the arrival of a single photon. The basic limita

tion is that the gain of avalanche photodiodes is not free 

from statistical fluctuations. The mean square of the shot 

noise of the photocurrent, Iph, in a photodiode over 

bandwidth df is [5] 

<iBh'> = 2qlphdf (3.3) 
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However the random nature of the avalanche gain, M, causes 

the noise to increase to a large value. The noise spectral 

density of the multiplied photocurrent is given by 

<ia> = 2qIph<M2>df (3.4) 

where <M3> is the mean-square value of the avalanche gain. 

This equation may be rewritten as 

<i2> = 2qlph<M>2F(M)df (3.5) 

where F(M) is referred to as the excess noise factor. If 

F(M) were unity the avalanche process would be ideal; the 

excess noise factor is thus a measure of the degree of non-

ideality of the gain process. An analytical expression for 

F(M) has been found to be 

F(M) = <M>J1 - (1 - k)[(<M> - 1)/<M>]21 (3.6) 

« 2(1 - k) + k<M> (3.7) 

where k is the ratio of the smallest to the largest 

ionization coefficient [5]. The best performance is 

achieved when k is small and when the most ionizing carrier 

initiates the avalanche. For silicon electrons have a 

higher ionization coefficient than holes, k a .02 - .1. 

Electrons and holes have the same ionization coefficient in 

germanium, k « .5 for Ge. 

For a small gain, <M>, of 100 in silicon, when k is 

.02, F(M) approximately equals 4. Therefore even at the 

relatively small gain of 100, the random nature of the 

avalanching process causes the shot noise to be larger by a 
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factor of 2. The increased noise due to the excess noise 

factor, F(M), becomes even worse at larger gains. With 

increasing gain the excess noise factor increases faster 

than the increase in signal gain. Therefore there exists an 

optimum avalanche gain. 

In the schematic for the single photon detector in 

chapter 1, all the noise was assumed to come from the 

thermal noise in the pre-amplifier circuit. When the shot 

noise from the avalanche photodiode becomes larger than the 

thermal noise in the pre-amplifier circuit, any further 

increases in the gain will cause the signal to noise ratio 

to decrease. Thus the optimum gain occurs when the noise in 

the avalanche photodiode equals the noise in the pre

amplifier circuit. For silicon with k « .02 to .04, optimum 

gains in the range of 80-100 are observed. This gain is 

smaller than the required 2 x 10^ needed to detect single 

photons. 

Finding the optimum gain is not a critical problem 

when the avalanche photodiode is operating in the geiger 

mode rather than the linear mode [15]. In the geiger mode 

the number of photons absorbed by the detector is determined 

not by measuring the amplitude of the current, but rather by 

counting the current pulses. In the geiger mode the 

avalanche photodiode is normally biased several volts beyond 

what is normally the breakdown voltage. A single primary 
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photoelectron may trigger an avalanche pulse of about 10^ 

carriers. This avalanche current will continue forever if 

the avalanche photodiode is not used with a quenching 

circuit. The quenching circuit stops the avalanche by 

reducing the voltage across the diode below the breakdown 

voltage. For applications in which picosecond resolution of 

ultrashort light pulses is required, an active quenching 

circuit must be used [14]. For all other low speed applica

tions a load resistor of about 100 kilo-ohms in series with 

the avalanche photodiode works fine to passively quench the 

avalanche. The voltage drop across the load resistor caused 

by the avalanche current pulse reduces the bias voltage 

below the breakdown voltage, thus quenching the avalanche. 

The pulse terminates within much less than a microsecond, 

and after the diode has recharged, it is ready to detect 

another photon. Figure 3.4 shows that if the load resistor 

is too small, the output from the avalanche photodiode will 

be characterised by considerable variations in pulse 

amplitude and width. The pulse widths may become extremely 

long as the bias voltage is increased, to the point where 

the avalanche photodiode is in a condition of perpetual 

breakdown. It is obviously very difficult to operate in 

this mode. Furthermore an unquenched avalanche may lead to 

a dangerously large current which could burn up the 

quenching circuit or the avalanche photodiode. 
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Figure 3.4: Basic operating conditions for photon counting 
avalanche photodiodes: (a) Unquenched (b) Passively 
quenched. [22] 
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Figure 3.5: Single-photoelectron-detection probability as 
function of £>/ the saxiBUB value of the electric field in 
the depletion layer. [17] 
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Operating the avalanche photodiode in the geiger 

mode above the breakdown voltage is especially suited for 

the purpose of detecting single photons because the single 

photoelectron detection probability increases as the reverse 

bias increases. Mclntyre [17] has analytically determined 

the single photoelectron detection probability as a function 

of the maximum value in the electric field. His results are 

shown in Figure 3.5. The fact that the electron and hole 

ionization coefficient increases as the electric field 

increases explains why the single electron detection 

probability increases as the electric field increases. 

Ingerson's experimental results supports Mclntyre's 

theoretical result that states that even when avalanche 

photodiodes are operated with the maximum electric field, 

only about 65% of the photoelectrons initiate avalanches. 

To obtain the detected quantum efficiency in the geiger 

mode, the breakdown probability must be multiplied by the 

raw quantum efficiency. The raw quantum efficiency is 

defined as the number of electron-hole pairs created divided 

by the number of incident photons. 

The detected quantum efficiency is more important 

than the raw quantum efficiency in the geiger mode because 

photoelectrons which do not avalanche are not counted. 

Figure 3.5 shows that when an avalanche photodiode is 

operating below the breakdown voltage, only a small per
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centage of the photoelectrons initiate an avalanche. Hence 

when an avalanche photodiode is operating in the linear mode 

with an average gain of 50, each primary charge carrier does 

not create 49 secondary charge carriers. Suppose for 

example ten photoelectrons enter an avalanche photodiode 

operating with an average gain of 50. An output pulse of 

about 500 electrons may be generated by one avalanche 

producing 260 secondary electrons, another producing 230 

secondary electrons with the rest of the primary 

photoelectrons not creating any avalanches. The statistical 

nature of the avalanche process is shown in Figure 3.6 [17]. 

In addition to the problem that only about half of 

the photoelectrons cause avalanches, spontaneous generation 

of avalanches can occur. Photoelectrons generated during 

the avalanche process may be trapped at dislocations and 

impurities within the diode. After a variable period of 

time the trapped charge carriers will release and may cause 

a secondary avalanche called an after-pulse. Although the 

time between the original avalanche and the after-pulse can 

vary between nanoseconds to kiloseconds, most of the after-

pulses occur within tens of microseconds. If Z is the 

probability of an after-pulse, then the number of a secon

dary after-pulses is nZ where n is number of photoelectrons. 

If we assume that each secondary after-pulse has the same 
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Figure 3.6: The probability that n injucted electrons 
(holes) will result in Gn electrons (holes) when the average 
gain is 50; k = .033. [17] 
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probability, Z, of producing a ternary after-pulse, then the 

total number of counts, N, becomes 

N = n + nZ + (nZ)Z + ... = n/(l-Z) (3.8) 

Thus the number of true counts have been made larger due to 

the after-pulses by a factor of 1/(1-Z). 

Suppose an avalanche photodiode is used to count 

photons. It is necessary to know how many of the counts are 

avalanches initiated by photons and how many are false 

after-pulses. Ingerson [15] analyzed this problem and 

derived the following equation for the signal to noise 

ratio: 

SNR = [n(l - Z)/(l + Z)]« (3.9) 

In his experiment he used an RCA avalanche photodiode to 

detect photons. He measured 2310 counts/sec with a standard 

deviation of 59 counts. The number of photons emitted in a 

period of time is a random, not a deterministic, process. 

Even if the detector were perfect, there would be variance 

in the number of photons detected. Point processes such as 

photon emission in which each event is statistically 

independent of another event can be evaluated using the 

Poisson probability density function. The variance of a 

Poisson process is equal to the mean and the standard 

deviation is equal to the square root of the mean. There

fore the standard deviation in this case should have been 

/(2310) s 48. The increase in the measured standard 
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deviation over the calculated standard deviation comes from 

the false counts. To find the number of counts initiated 

from photons and the probability, Z, of producing a false 

after-pulse, Ingerson plugged his measured results into 

equations 3.8 and 3.9. 

n(l - Z)/(l + Z) = (SNR)2 = (2310/59)2 = 1533 (3.10) 

n/(l - Z) = 2310 (3.11) 

He found n = 2002 counts/sec and Z = .13. To calculate the 

detected quantum efficiency, he had to measure the number of 

photons hitting the diode. He put his avalanche photodiode 

in the linear mode and measured the current, 3599 photo-

electrons, generated by the light. Since the published 

quantum efficiency for his avalanche photodiode is 66% at 

the wavelength of his light, 3599/.66 = 5450 photons were 

hitting the diode every second. Therefore the detected 

quantum efficiency for his experiment was 2002/5450 = 37%. 

The breakdown probability was 2002/3599 = 56%. Note that 

the detected quantum efficiency is about seven times better 

than photomultiplier tubes at this wavelength and the 

superiority increases at higher wavelengths. 

Avalanche photodiodes' advantage over 

photomultiplier tubes in quantum efficiency is of no 

importance if avalanche photodiodes cannot be made to work 

with a minimum number of spontaneous avalanches. The other 

component of the spontaneous avalanches is the dark current 
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pulses. Dark current avalanches are initiated by thermally 

generated minority charge carriers. These are the same 

charge carriers which constitute the saturation current. Is, 

in a reverse-biased diode. 

lo = Aqni 2(T) [Dp/NdLp +Dn/NaLn] (3.12) 

where ni is the intrinsic carrier concentration, Lp and Ln 

are the diffusion lengths of minority holes and electrons, 

Nd and Na are the donor and acceptor concentrations, and Dp 

and Dn are the hole and electron diffusion coefficient. The 

first term represents the fraction of thermally generated 

minority holes from the n region which diffuse to the 

junction and the second term represents the fraction of 

thermally generated minority electrons from the p region 

which diffuse to the junction. The number of thermally 

generated carriers are related to the intrinsic carrier 

concentration given by: 

ni a = KT3exp[-E0/kT] (3.13) 

where K is a constant (1.06 x 10^^) and Eg is the band gap 

energy, approximately equal to 1.11 eV in silicon. 

In practice the reverse current is much larger than 

indicated by equation 3.12 because it neglects the thermal 

generation of holes and electrons in the depletion region. 

The depletion region current varies directly with the 

intrinsic carrier concentration m instead of m * for the 
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saturation current. Experimentally the reverse current 

halves every 7®C drop in temperature [8], ie.: 

Is(T)/l8(To) = (3.14) 

The typical number of dark current avalanches for an 

avalanche photodiode at room temperature {295®K) is 15,000 

counts/sec. If the diode operates in a liquid nitrogen 

environment (77®K), the number of dark current avalanches 

decreases to 

Is (770K) = la (295®K)2-I<29a - (3.15) 

= 6.34 X 10"® cnts/sec 

This number of dark counts is more than acceptable. 

Operating the avalanche photodiode in a liquid 

nitrogen environment has another advantage. Figure 3.7 

shows that the breakdown voltage of a diode decreases as the 

temperature decreases. A simple explanation of this 

decrease is that free carriers in the depletion region lose 

part of their energy due to collisions with the lattice 

characterized by the electron mean free path. The value of 

the mean free path increases with decreasing temperature. 

Therefore the carriers lose less energy to the crystal 

lattice along a given distance at a constant field. Hence 

the carriers must pass through a smaller potential 

difference before they can acquire sufficient energy to 

generate an electron-hole pair. 
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To be able to collect photoelectrons created deep in 

the bulk of the silicon, such as those created from the red 

portion of the visible spectrum, it is important to maximize 

the width of the depletion region. The width of the 

depletion region depends on the magnitude of the reverse 

bias and the difference in dopiant concentration between the 

n and the p sides. In order to have a large depletion 

width, the concentration of dopant atoms is usually much 

smaller on one side of the junction than on the other. 

Figure 3.8 shows that the breakdown voltage increases as the 

background impurity concentration decreases. Figure 3.9 

shows that the depletion width increases as the breakdown 

voltage increases. 

Creating a large depletion width for an avalanche 

photodiode is not so simple as choosing a low dopant 

concentration material on one side of the junction. Up to 

now we have only been considering one dimensional junctions. 

We have neglected a most important design consideration for 

avalanche photodiodes. The electric field is much greater 

in the curved areas of the junction than it is in the planar 

region. Since ionization starts when the electric field 

exceeds a critical value, the curved portion of the junction 

decreases the breakdown voltage. The reason why the 

electric field is greater in the curved region can be seen 

by examining the edge of a junction. As shown in Figure 



Figure 3.9: Breakdown voltage versus total depletion-layer 
thickness. [24] 
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3.10 the edge of the junction has a cylindrical shape and 

the curved region where two junctions meet can be closely 

approximated by a spherical junction. Poisson's equation 

can be put in spherical or cylindrical form to calculate the 

potential V(r) and the electric field at the edge of the 

junction: 

L d t i i y r U ,  eir L  ,3.15, 
r" ar Cs 

where Q(r) is the charge density and where n equals 1 for 

the cylindrical junction and 2 for the spherical junction 

[9]. This equation can be solved for the peak electric 

field for the case of the spherical junction and for the 

case of the cylindrical junction. The peak electric field 

in both cases can be compared to the peak electric field in 

a planar junction. The amount that the electric field in 

the cylindrical and spherical regions is greater than the 

electric field in the planar region depends on the depletion 

width and the radius of curvature of the junction. The 

breakdown voltage of the cylindrical and spherical junction 

divided by the breakdown voltage of the planar junction is 

plotted versus the ratio of junction depth and depletion 

width in Figure 3.11. For example a 1 micron deep silicon 

junction with background impurity concentration of 10^^ 

would have a breakdown voltage of lOOOV in the planar region 

and a depletion width of about 90 microns according to 

Figures 3.8 and 3.9. Since rj is 1 micron and W is 90 
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microns, rj/W is .01 which means BV/BVpp is .03. This same 

junction has a breakdown voltage of 30V due to the curvature 

in the spherical region of the junction. 

One way to increase the breakdown voltage and 

therefore increase the depletion width is to simply cut away 

the curved region as is done in the beveled edge structure 

shown in Figure 3.12a. Usually the junction is quite deep, 

about 50 to 75 microns. Therefore most of the photons are 

absorbed on the p side of the junction. It is desirable 

that the photons are absorbed on the p side because then the 

electron will initiate the avalanche. Electrons should 

initiate the ionization process because electrons have a 

higher ionization coefficient than holes. The beveled edge 

is at an angle of about 7® inward from the normal to the 

surface. 

Another way to prevent early breakdown in the curved 

region is to increase the radius of curvature by diffusing a 

guard-ring as shown in Figure 3.12b. Typically this device 

has a junction depth less than 1 micron and a depletion 

width of about 10 microns. The width of the depletion layer 

is about the same as the width of the guard-ring junction 

depth. Most of the incident radiation is absorbed beyond 

the metallurgical junction where the electrons can initiate 

the avalanche. For wavelengths longer than 800 nanometers 

much of the light penetrates through to the undepleted 
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region and the resulting photogenerated carriers are 

collected by diffusion. Since collection in the diffusion 

region is not as efficient as collection in the depletion 

region, the quantum efficiency of this device is not good 

for wavelengths larger than 800 nanometers. 

The third structure shown is called the "reach-

through" diode because the depletion region reaches 

completely through to bottom of the substrate. To create an 

electric field which extends throughout the substrate, the 

substrate must be a very high resistivity material, such as 

5000 ohm-cm, and it must be thinned to 300 microns or less. 

Light enters this device from the back side and is absorbed 

in the high resistivity substrate. The photoelectrons drift 

to the high field p-n region where multiplication occurs. 

Since the light enters from the back side, the n+ junction 

depth can be made deep—about 7 microns. The guard ring and 

reach-through structure will be discussed in depth in the 

next chapter. 
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CHAPTER IV 

DESIGN OF AN AVALANCHE PHOTODIODE ARRAY 

A brief description of three types of avalanche 

photodiode structure was given in the previous chapter. The 

beveled edge diode was never given serious consideration 

because making an array of beveled edge diodes would be an 

extremely difficult processing problem. The purpose of this 

research effort is to prove the principle that an array of 

avalanche photodiodes could be built and be used to count 

photons. Difficult processing problems such as creating an 

array of beveled edge avalanche photodiodes were avoided. 

The principle should be proven first before a lot of time is 

committed to building the "best" avalanche photodiode array. 

The first thought was to design an array of reach-

through avalanche photodiodes. One of the advantages of the 

reach-through structure is that light illuminates a reach-

through structure from the backside. The top side of a 

wafer is the side where most of the processing is done. The 

p-n junction of a reach-through structure is made on the top 

side with the n material on top. Light is absorbed from the 

backside, so it passes through or is absorbed by the p 

material first. In order for the reach-through striicture to 

work properly, the depletion region has to "reach-through" 
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to the backside. If light illuminates an avalanche 

photodiode from the backside, then practically all of the 

electron-hole pairs will be generated toward the back or in 

the p side of the junction. The photo generated charge 

carriers passing through the depleted region will consist 

mainly of electrons which is an advantage. Since k is about 

.03 for silicon, the probability that an electron will 

initiate an avalanche is about 33 tiroes greater than that of 

a hole initiating an avalanche. If, however, light 

illuminates an avalanche photodiode from the n or front 

side, then a much greater percent of the electron-hole pairs 

will be generated toward the n side of the junction. The 

charge carriers initiating avalanches are holes which is a 

disadvantage. 

Building an array of reach-through avalanche 

photodiodes is difficult because the depletion region has to 

reach through to the backside. If a silicon wafer can be 

thinned to a thickness of 100 microns, it is still thick 

enough to absorb light wavelengths in the broad spectrum 

from 400 to 1000 nanometers. The only radiation which is 

lost by such thinning is radiation in the narrow 1.0 to 

1.1 micron wavelength spectrum. When the wafer is thinned 

to be 100 microns, the problem becomes creating a 100 micron 

deep depletion region. A solution is to perform a deep n 

top surface diffusion. Since the radius of curvature of a 
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reversed biased junction limits the breakdown voltage and 

therefore the depletion width, it nay not be possible to 

solve the problem by making a deep diffusion. It is 

difficult to make a diffusion deeper than 10 microns. 

Figure 4.1 shows that even if a deep 10 micron n diffusion 

is made, the maximum breakdown voltage would be about 250V. 

This breakdown voltage corresponds to a depletion width of 

only about 16 microns. (See Figure 3.9.) 

A way to build an array of avalanche photodiodes 

with depletion width greater than 100 microns is to use a 

design similar to the RCA design. Their 25 element reach-

through avalanche diode array lay out is shown in Figure 

4.2. The background concentration of the substrate RCA used 

to build their 25 element array was near intrinsic, 4 x 

10^2 cm-3. Without considering the effect of junction 

curvature, the diodes made with this background 

concentration have a breakdown voltage of about 30,000V and 

a depletion width of about 4,000 microns. The separation 

between any two adjacent n* diffusion shown on the layout is 

quite small (50 - 7 x 2 = 36 pm). The separation between 

two adjacent n* diffusions will affect the electric field 

profile in the region as well as the breakdown voltage. 

Figure 4.3a shows that when the separation between the 

diffusion and 1/r ratio is large enough, the edging or 

junction curvature effect is pronounced. Figure 4.3b shows 
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Figure 4.1: The effect of curvature on junction breakdown 
voltage. [26] 
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Figure 4.2: Layout of the RCA 25 elenent linear avalanche 
photodiode array. [27] 
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Figure 4.3(a): Diffusion cross-section showing a 
cylindrical depletion region between the diffusions when the 
separation is wide. 
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Figure 4.3(b): The depletion region between the diffusions 
has almost a planar shape when the separation is reduced. 
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that as the separation between the diffusions and 1/r ratio 

decreases, the curvature effect is reduced and the 

equipotential lines have a planar shape even between the two 

diffusions. Computer simulation of the field profile 

between adjacent n+ diffusions in the RCA layout confirm 

this argument. Figure 4.4 shows the field distribution for 

the RCA structure shown in Figure 4.5. Curve "a" gives the 

field distribution along the line BG in the y-direction 

along the front side of the device. Curve "b" gives the 

field distribution along the line RS. Curve "c" gives the 

field distribution along line UV near the back of the 

device. These curves show that the small separation between 

the diffusions prevents the electric field from ever 

becoming zero at the point halfway between the diffusions. 

Curve "c" demonstrates that the electric field has a 

constant value at the edge of the depletion region. Thus it 

is desirable when designing an array of avalanche 

photodiodes is to make the separation between diodes as well 

as the separation between the outer ring of diodes and the 

guard ring be as small as possible. This will lessen the 

effect that junction curvature has on decreasing the 

breakdown voltage and therefore limiting the depletion 

width. 

Due to the lack of a low resistivity substrate a 

100 micron depletion region thickness was impossible. The 
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lowest resistivity boron doped silicon wafers available had 

a resistivity of 50 ohm-cm which corresponds to background 

concentration of 2.5 x 10^ * cm-». The DC power supply 

available had a maximum output voltage of 500V. Therefore 

two design constraints were imposed: (1) the depletion 

region had to "reach through" to the back of the substrate 

and (2) the breakdown voltage of the avalanche photodiodes 

had to be less than 500V. A boron ion implantation was 

planned to create the high gain p region below the n^ 

diffusion as shown in Figure 3.12c. Figure 3.8 shows that 

the doping concentration of such a high gain p layer must be 

at least 5 x lO^^ cm-3 in order to realize a breakdown 

voltage below 500V. Such a tight requirement can not be 

realized in the processing lab that was available. 

Therefore a high gain p region with a concentration of 

10»»/cm-3 was used. It provided some leeway in satisfying 

the second breakdown voltage constraint. 

The impossibility of realizing the first requirement 

with available wafers 100 micron thick can be seen by doing 

a one-dimensional analysis of the electric field. The 

desired depletion region must "reach-through" before the 

maximum value of the electric field exceeds the critical 

value of about 2 x 10° V/cm at which breakdown commences. 

Assume that the electric field does extend through the 

substrate. The maximum electric field is located at the 
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metallurgical junction and, by Gauss's law, its value is 

given by 

EB = qNaiXi/es + qNa2X2/es (4.1) 

where es is the permittivity of silicon, Nai is the boron 

concentration of the high gain region, Nb2 is the boron 

concentration of the substrate, xi is the thickness of the 

high gain region and X2 is the substrate thickness minus xz 

and the n+ junction depth. Assume that the n+ junction 

depth is 7 microns and the thickness of the high gain region 

is 1 micron. The first term on the right of equation 4.1 is 

then 

p  ,  -  ( 1 - 6  X  1 0 - 1 9 ) ( I Q I B ) ( 1 0 - 4 )  _  /  ,  .  

~ (11.9)(8.85 X 10-^*) ~ ' (4.2) 

The second term on the right of equation 4.1 becomes 

c. _ (1.6 X  10-ia) ( 2 .5 X  10iM(92 x  10--«) 
~ (11.9) (8.85 X 10-»<) 

= 3.5 X  10®c m  

Since Eaz exceeds the critical value at which the junction 

starts breaking down, the junction will break down before 

the depletion region "reaches through" the 100 microns to 

the back of the substrate. The wafer could be etched to a 

thickness of 50 microns. In that case xz is 42 microns 

instead of 92 microns, Eb2 becomes 1.6 x 10® V/cm. Etching 

the wafer to 50 microns decreases the quantum efficiency 

because radiation with wavelengths in the range from 870 

nanometer to 1,000 nanometer will now tend to pass through 
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the wafer without being absorbed. However an attempt was 

made to fabricate 50 micron thick reach-through avalanche 

photodiodes. 

Thinning the wafers proved to be a difficult task. 

It was decided that the etching step should be done first. 

Doing it last might result in the removal of all of the 

previous processing steps on the wafer. Working with a 

50 micron thick wafer in the available processing laboratory 

would be very difficult unless it had some structural 

support. Therefore a selective silicon etch was applied to 

the backside of the wafers to create a honeycomb structure. 

A 10,000 angstrom layer of silicon dioxide was grown on the 

wafers. Windows exposing the silicon, six rows and columns, 

8 millimeters by 8 millimeters, were etched through the 

silicon dioxide to the backside. Following that step a 

silicon etch (27.8% nitric acid, 2.8% hydrofluoric acid and 

69.4% acetic acid) was used. The silicon etch was supposed 

to etch the silicon, but not the silicon dioxide. 

Unfortunately the etch also removed the silicon dioxide. 

After two hours in the etch all of the silicon dioxide was 

gone. The approach might have been made to work, but the 

effort would have diluted the effort away from my primary 

focus. The advantages of creating backside illuminated 

avalanche photodiodes was not worth the effort. Therefore 
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an array o£ avalanche photodiodes designed to be illuminated 

from the front side was designed instead. 

The layout of the final design is shown in Figure 

4.6. The dimensions of each diode are 100 microns by 100 

microns. A design rule for avalanche photodiodes is that 

the separation between adjacent diodes should be as small as 

possible. This could not be realized because of a problem 

in making connection to the center diode in the array. The 

aluminum line running from the outside pad to the center n^ 

diffusion has a silicon dioxide layer separating it from the 

silicon below. It has the same metal-oxide-silicon (MOS) 

cross-sectional structure as used in nMOS transistors to 

create a conducting inversion layer between two n^ 

diffusions. Therefore it is necessary to calculate the MOS 

threshold voltage to determine if a thick layer of silicon 

dioxide can prevent strong inversion. If inversion cannot 

be prevented, the aluminum line running to the center diode 

must be routed in between the diodes to prevent the line 

from creating an inversion layer conducting path below it. 

The threshold voltage required to produce strong 

inversion neglecting fast surface states consists of three 

main components: 

VT = $.8 - 2$f - Qs/Cox (4.4) 

where is the difference in the work function between the 

metal and the bulk silicon, is the equilibrium 
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IB) 

CD) 

Figure 4.6: Layout of the fabricated 3 by 3 avalanche 
photodiode array. The lower left array has a guard ring 
completely surrounding each diode. The upper right array 
hais a guard ring only around the outer edge of the entire 
array. 
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electrostatic potential in a semiconductor, Q s  is the charge 

per unit area at the surface of an strongly inverted layer 

and Cox is the gate oxide capacitance per unit area. The 

equilibrium electrostatic potential is defined as 

^ In (4.5) 
q Na 

where k is Boltzmann's constant, T is the temperature in 

^Kelvin and Na is the dopant concentration of the bulk 

silicon. The equilibrium electrostatic potential at room 

temperature for the available wafers (Na = 2.5 x 10^< cm-") 

is -.25V. The difference in work functions between the 

aluminum and the bulk silicon is defined as 

•bs = $in ~ (Xs 1 + Eg/2q + |$f|) (4.6) 

where <^01 is the work function of the metal (4.1V for 

aluminum), Xsi is the electron affinity of silicon (4.15V 

for silicon) and Eg is the band gap energy of silicon (l.leV 

for silicon). Therefore value of the first term is 

«ai> = 4.1 - (4.15 + .55 + .25) = -.85V (4.7) 

When there is a voltage between the n diffusion and the 

substrate the charge per unit area, Qa , at the surface of a 

strongly inverted layer is given in [191 as 

Qs = - [2qNa£8|2*f + Vn8|]* (4.8) 

where es is the permittivity of silicon and Vns is the 

voltage between the n diffusion and the substrate. The 

value of the permittivity of silicon is 11.7£0. Assume that 

Vns is 200V because the avalanche photodiodes, as explained 
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below, were designed to breakdown at 200V. Plugging in the 

values for Qs results in a negative charge of 1.29 x 10-' '  

C/cm* . The gate oxide capacitance is defined by 

C o * = £ o x / t o x  ( 4 . 9 )  

where eox and tox are the permittivity and thickness of the 

silicon dioxide. The permittivity of silicon dioxide is 

3.9eo. The thickest layer of silicon dioxide that is 

usually grown in the laboratory is 10,000 angstroms. Using 

10,000 angstroms for tox, Cox becomes 3.45 x 10-® F/cm". 

Substituting in the n^alculated values in the threshold 

equation gives 

VT = - .85 + .5 + (1.29 X 10-- ' ) / (3.45 x 10 -9  ) = 377 

The designed breakdown voltage of the avalanche photodiode 

is 200V, much higher than the threshold voltage for a 10,000 

angstrom oxide layer. A 55,000 angstrom thick layer of 

silicon dioxide would be needed to prevent inversion below 

the 200V aluminum lines. Therefore the line had to be 

placed on the surface between diodes. 

Routing the aluminum line to the center diode 

between the outer diodes increased the separation between 

the diodes. Without access to RCA's simulation program 

which gives the electric field profile as a function of the 

separation between the n^ diffusions, the effect of junction 

curvature on the breakdown voltage was not calculated. A 

conservative approach would be to build an array of 
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avalanche photodiodes each with individual guard rings and 

use the calculated results by Ghandhi, shown in Figure 3.11, 

to determine the theoretical breakdown voltage. Instead 

different arrays were fabricated and tested. The lower left 

array in Figure 4.6, array #1, has a 10 micron deep guard 

ring completely surrounding each diode. The other array, 

#2, has the 10 micron deep guard ring around the outer edge 

of the entire array. This would test the thesis that a 

guard ring around the inner edge of the diodes in array #2 

would not be needed if the overlapping electric field of the 

adjacent diodes could transform the field profile along the 

inner edge from a cylindrical junction field profile to a 

planar junction field profile. The separation between the 

diodes in array #2 is about 18 microns. 

Without including junction curvature effects. Figure 

3.8 gives the breakdown voltage of avalanche photodiodes 

with a background impurity concentration of 2.5 x 10^^ cm-" 

as 800V. Figure 3.9 shows that a diode with a breakdown 

voltage of 800V has a depletion width of 60 microns. Since 

the radius of curvature of the guard rings is 10 microns and 

the depletion width is 60 microns, rj/W of Figure 3.11 is 

.17. Using this value for a spherical junction in Ghandhi's 

chart shown in Figure 3.11, gives BVpp/BV = 0.27. Therefore 

the predicted impact of the junction curvature is to 

decrease the breakdown voltage to {800V)(.27) = 216V. Thus 
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the fabricated array of diodes is predicted to have such a 

breakdown voltage and a depletion width of about 13 microns. 

The n^ junction depth was designed to be less than 

.6 microns for two reasons. First, it is advantageous to 

have the electron-hole pairs generated on the p side of the 

junction because then the avalanches will be initiated by 

the electrons. If the depth of the n* junction is .6 

microns or shallower, then light with wavelengths greater 

than 500 nanometers will be absorbed on the p side of the 

junction. Second, the depletion width is practically non

existent on the n^ side of the junction, since the number of 

uncovered positive ions on the n side must equal the number 

of uncovered negative ions on the p side, 

WnNd = WpNa (4.10) 

The depletion width on the n side of the fabricated 

avalanche photodiodes is only 

Wn = (13u) (2 X 10i'«)/(2 X 1019) = 1.3 X lO'-'u (4.11) 

Therefore the photogenerated holes collected from the n side 

of the junction have to diffuse to the junction which is a 

less efficient collection mechanism than the drift 

mechanism. 

The processing steps used to fabricate the array of 

avalanche photodiodes is given in Appendix A. A boron ion 

implantation was done to create a narrow high gain region 

below the n* diffusion as is done in the reach-through 
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diode. The boron concentration in the high gain region was 

chosen such that it broke down at about 200V, the same 

voltage which was calculated to cause breakdown at the edges 

of the n+ diffusion. A higher boron concentration would 

decrease the breakdown voltage. Figure 3.8 shows that a 

breakdown voltage of 200V corresponds to a background 

concentration of 2 x 10^ ®. To determine the correct 

diffusion times and temperatures and the energy and dose of 

the ion implantation, a simulation of the processing was 

done using SUPREM. The results of the simulation are shown 

in Appendices B and C. 

The cross-section of the fabricated device is shown 

in Figure 4.7. 
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Figure 4.7: Cross-section of the fabricated device. 
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CHAPTER V 

TESTING AVALANCHE PHOTODIODES: 
DISCRETE DIODES AND 3X3 ARRAYS 

I tested the RCA 30902E and 30902S and the NEC 

NDL1102 commercial avalanche photodiodes. The RCA diodes 

have reach-through structures, whereas the 1102 has a guard-

ring structure. The simple circuit used to test the 

avalanche photodiodes is shown in Figure 5.1. The value of 

the load resistor which puts the RCA 30902E in the geiger 

mode varies from 6.8K to 22M ohms. Using a resistor smaller 

than about 6.8K is risky because such small resistor will 

not be able to stop a large avalanche which could burn up 

the avalanche photodiode. To avoid burning up the avalanche 

photodiode, I learned from experience to always start the 

reverse biased power supply at a low value and slowly 

increase the voltage to the operating voltage, a few volts 

beyond breakdown. The maximum value of the load resistor 

which put the NEC 1102 in the geiger mode was 100 kilo-ohms. 

The most salient difference between the two diodes was that 

the amplitude of the current pulses from the RCA diode was 

much larger than those from the NEC diode. The diode 

specifications from the manufacturer confirm my results. 

The responsivity in terms of amps per watt of incident light 

of the RCA 30902E is 77 whereas the responsivity of the NEC 
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osc'ilU scope osc'ilU scope 

cooia+er cooia+er 

Figure 5.1: Circuit used to test avalanche photodiodes. 

Figure 5.2: Display seen on the oscilloscope when testing 
tht 30902E avalanche photodiode. One division on the 
horizontal axis equals .1 millisecond. One division on the 
vertical axis equals .1 volts. The count rate was 
16,000/sec. 
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1102 is only 0.43. Both measurements were taken using a 

monochromatic light source with wavelengths near 850 

nanometers. The advantages of the reach-through structure 

with its wide depletion width and pure injection of 

electrons probably accounts for the higher responsivity of 

the RCA diode. 

A picture of the random current pulses seen on the 

oscilloscope when testing the 30902E in the geiger mode is 

shown in Figure 5.2. The value of the resistor used when 

this picture was shot was 100 kilo-ohms. One division on 

the horizontal axis equals .1 millisecond. One division on 

the vertical axis equals .1 volts. This picture was taken 

using a single strobe from the oscilloscope. The count rate 

measured by the counter was about 16,000/sec. This picture 

shows the dark count rate for an RCA 30902E about one half 

of a volt beyond breakdown. The dark count rate for a RCA 

30902S is much smaller. 

The RCA 30902S avalanche photodiode is specially 

designed to be used in the geiger mode. When the reverse 

voltage is increased from zero volts to ten volts beyond 

breakdown, the dark count rate for the 30902S increases 

very slowly. When the reverse voltage is increased just a 

fraction of a volt beyond breakdown, the dark count rate for 

the RCA 30902E jumps to a very high number as shown in 

Figure 5.2. A test was performed on the RCA 30902E and the 
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30902S measuring the dark count rate as a function of the 

bias voltage beyond breakdown. VB is the reverse bias 

voltage level where short pulses too short to be detected by 

the counter start to appear on the oscilloscope. Call this 

voltage level the breakdown voltage. The breakdown voltages 

were 235V for the 30902S and 216V for the 30902E. The 

avalanche photodiodes were inserted in a small hole in one 

end of a black cylinder. After insertion, the hole was 

taped with black tape and this end of the cylinder was 

covered with a heavy opaque black cloth. The test was 

performed in a dark room. 

In conjunction with the dark count rate test, the 

count rate was measured when a weak light was shined on the 

avalanche photodiodes. A 6V rear auto tail-light was fitted 

into the other end of the cylinder. To attenuate the light 

source, a cardboard with a pinhole was placed in the center 

of the cylinder. The voltage applied to the lamp was 

increased until the count rate started to increase. This 

voltage level was 2V for the 30902S and 3V for the 30902E. 

The circuit used to test the avalanche photodiodes is shown 

in Figure 5.1 with R = lOOK ohms. The results are shown 

below in Table 5.1. 
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RCA 30902S RCA 30902E 

Vrev Dark Liaht (2V) Dark Liaht (3\  

VB 0 1,600 0 0 

VB+1 20 2,600 18,700 19,200 

VB+2 100 4,100 25,700 26,350 

VB+3 150 4,200 30,100 30,900 

VB+4 320 5,100 33,400 34,300 

VB+5 500 5,000 36,900 37,900 

VB+6 700 5,350 40,400 41,300 

VB+7 1,050 5,300 43,500 44,400 

VB+8 1,450 5,500 47,400 48,000 

VB+9 1,600 5,650 50,200 51,100 

VB+10 1,900 4,850 52,500 53,800 

Table 5.1; Counts/sec 

The test results demonstrate that using the RCA 

30902E to detect light in the geiger mode is very difficult 

because of the large number of dark current pulses. Dark 

current pulses make up about 98% of the total number of 

counts when a weak light is shined on the 30902E. The dark 

current of the 30902S and the 30902E are plotted in 

Figure 5.3 as a function of reverse voltage beyond 

breakdown. As expected, the 30902S has a much smaller dark 

current than the 30902E. 
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Furthermore the 30902E is less sensitive than the 

30902S. Even though the intensity of the light source 

shined on the 30902E was stronger, the number of light 

induced counts from the 30902E was only about 900/sec. The 

number of light induced counts from the 30902S was about 

4,000/sec. The sensitivity of the 30902S increased as the 

reverse voltage beyond breakdown increased. This result 

confirms the theory that the breakdown probability increases 

as the maximum value of the electric field increases. 

The RCA 30902E avalanche photodiode was also tested 

at the temperature of liquid nitrogen (77®K). The first 

time the avalanche photodiode was destroyed by rapidly 

pouring the liquid nitrogen into the thermos containing the 

diode. The next time by gradually pouring the liquid 

nitrogen into the thermos bringing the temperature of the 

diode down slowly, we were able to test the RCA diode at 

77®K. The breakdown voltage decreased from 218V to llOV. 

When the RCA 30902E was biased a few volts beyond breakdown, 

the number of counts/sec jumped to tens of thousands, just 

as it did at room temperature. Therefore the problem with 

the high number of dark counts/sec cannot be solved by 

simply cooling the device. The avalanche photodiode must be 

specially fabricated for use in the geiger mode. 

Testing of the 3x3 array built here in the ECE 

Microelectronics Laboratory produced different results. The 
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diodes in array #1, with a guard ring around each diode had 

a breakdown voltage o£ about 220V. The diodes in array #2 

with a guard ring only around the outside edge had a 

breakdown voltage of about 120V. The diodes in array #2 had 

a smaller breakdown voltage because the spacing between the 

diodes was not small enough to prevent junction curvature 

from lowering the breakdown voltage. The variation in the 

breakdown voltage of the diodes in array #1 was quite large 

as shown in Table 5.2 below. 

One of the crucial problems with the fabricated 

avalanche photodiodes was its large reverse current. 

Testing of discrete commercial avalanche photodiodes 

demonstaated that the reverse current must be smaller than 

about 2 microamps in order to minimize the number of dark 

pulses. The reverse current of each of the diodes in array 

#1 at 250V before breakdown was about 200 microamps. The 

reverse current of each of the diodes in array #1 at lOOV 

before breakdown was about 100 microamps. The large reverse 

current made the task of putting the diodes in the geiger 

mode extremely difficult. 
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Array #1 BV Array #2 BV 

12 180 24 110 

N 280 BB 100 

13 300 1 120 

P 300 A 120 

14 >300 2 120 

U 220 E 110 

18 >300 6 120 

V 275 F 120 

19 250 7 120 

Table 5.2: Breakdown voltages 

Individual diodes in each array could be put in the 

geiger mode. However when the reverse bias is applied to a 

second or third diode in the same array, the geiger pulsing 

on the first diode stops. I was unable to put the whole 

array in the geiger mode. Except for one occasion, the 

pulsing observed when attempting to put a diode from array 

#2 in the geiger mode was periodic. Geiger pulsing is a 

random, not a periodic, phenomena. This observation 

suggested that a large unknown capacitor was affecting the 

results of the test. The capacitance of a diode from array 

#1 or #2 was measured and found to be 23pF at OV and 19pF 

when the reverse bias is lOOV. Resistance measurements were 

also performed. When a diode is forward biased, the ' 



resistance through the diode, ie. through the substrate, was 

measured to be 16K ohms. All of the tests on the arrays 

have been performed at room temperatures. 
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CHAPTER VI 

INTERFACING THE AVALANCHE 
PHOTODIODE ARRAY TO A COMPUTER 

This chapter describes how the 3x3 array of 

avalanche photodiodes described in the previous chapters can 

be interfaced to a computer. To read pulses from each of 

the nine diodes, the geiger pulses must be monitored from 

the n side of the diode since the p side is common to all of 

the diodes. To convert the current pulses to voltage 

pulses, nine quenching resistors are placed on the n side of 

the diodes. Figure 6.1 shows the schematic of the circuit 

designed by the author which converts the geiger pulses from 

one avalanche photodiode to 5V pulses which can be read by a 

computer. The power supply used to reverse bias the 

avalanche photodiode applies approximately a negative 200 

volts to the anode of the diode. Connecting the positive 

side of the 500V power supply to the ground of the rest of 

the circuit seems unconventional. If the negative, 

conventionally grounded, side of the power supply were tied 

to ground, the pulses at the input of the comparator circuit 

would have a positive 200V offset. Applying a negative 200V 

to the avalanche photodiode results in 0 to -1 volt pulses 

at the input to the comparator circuit. The comparator 

circuit converts the negative pulses to positive 0 to 5V 



LM5I1 

o-sr«ov 

pow/GR -•OIIV 
SvPPLY 

^ H70 % »200V 

5V 

6?̂  

TiaoĈ F 
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pulses. Because the circuit had a flaw the count rate 

measured by a counter at the output of the comparator 

circuit was much higher than the count rate observed at the 

avalanche diode. When an avalanche photodiode was counting 

at a rate of about 10/sec, the counts/sec at the output of 

the comparator was about 3,000/sec. The positive feedback 

circuit shown in the schematic was added to decrease 

oscillations during the transition of the comparator output. 

The positive feedback circuit ameliorated the problem, but 

the problem still exists. The widths of the pulses at the 

output of the comparator were too small (s.3psec} to be read 

consistently by the computer interface circuit. A 

monostable multivibrator is used to lengthen the pulse width 

to .85usec. The monostable multivibrator IC decreased the 

count rate. When the number of counts/sec at the input to 

the monostable multivibrator was about 3,000/sec, the 

counts/sec at the output measured by a counter was about 

700/sec. 

The output from the signal conditioning circuit is 

fed into one of the inputs of the 8255 parallel interface IC 

shown in Figure 6.2. The Intel 8255, a programmable I/O 

device, and the Intel 8253, a programmable timer, were used 

because they are specially designed to be easily interfaced 

to the Intel microprocessor. The computer interface circuit 

plugs into an expansion slot of an IBM compatible computer 
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resides at 2CC hex. The 8255 IC resides at 2EC hex.) 
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which uses an Intel 8088 microprocessor. The clock speed of 

the computer is 8MHz. The four 7474 dual flip-flop ICs are 

used to divide the clock by 256. Thus the clock speed fed 

into the 8253 timer is 31.25 KHz. The computer reads the 

8253 timer whenever a pulse is detected. The computer 

interface circuit was designed to handle a maximum pulse 

rate of 5,000/sec. Ingerson [15] found that when the count 

rate exceeds 5,000/sec the overlap of the pulses begins to 

become important and the diodes become nonlinear because of 

the dead time. If the maximum count rate is 5,000/sec, a 

timer running at 31.25 KHz has more than enough resolution 

to record the time when each pulse is detected. 

The 8253 timer has three 16 bit counters which can 

be cascaded together. If only one 16 bit counter is used, 

it will roll over after 2 seconds since the input clock to 

the 8253 is 31.25 KHz. If the avalanche photodiode is 

counting at a very slow rate of 1 or 2 per second, there 

might be confusion when analyzing the data when only a 16 

bit timer is used. For example if the difference in the 

timer data between two pulses is one count, there would be 

no way of knowing if the time interval between the pulses is 

32 microseconds or 2.000032 seconds. On the other hand, if 

two 16 bit counters are cascaded together, it will take a 

day and a half before the 32 bit counter rolls over. There 

would be no reason to store all of the 32 bits into memory 
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every time a pulse was detected because the most significant 

bits would almost always be the same. The storage 

capability of the IBM compatible computer used in this 

experiment is only 640 kilobytes of RAM memory. Storing 

redundant data decreases the time in which the experiment 

can run before the computer runs out of memory. Choosing 

the middle ground between these two extremes, I decided to 

cascade two 16 bit counters but only store 24 bits of timer 

data into memory. It takes 8.5 minutes for a 24 bit counter 

to roll over when the clock speed is 31.25 KHz. If the 

avalanche photodiode is counting at a slow rate of 1/sec, 

there will be 537 slowly decrementing timing points in 

memory leading up to the timing point where the timer starts 

again at the top. Hence there will be no confusion in 

knowing when the 24 bit counter rolled over. 

In addition to storing three bytes of timer data 

telling when the pulse occurred, another byte is needed to 

specify from which diode the pulse originated. About 

600 kilobytes of memory can be allocated to the storage of 

data. (DOS takes up the lower 50 kilobytes of memory.) 

Since each data point uses four bytes, the computer can 

store 150,000 data points. A sample of the data output 

taken while testing the RCA 30902S avalanche photodiode is 

shown in Figure 6.3. This test completely filled the memory 

with data. The first column indicateis the memory location 
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ODOO: 0090 01 FF 32 2D 01 FF 32 08-01 FF 31 F3 01 FF 31 DA ODOO: OOAO 01 FF 31 B6 01 FF 31 9E-01 FF 31 26 01 FF 30 9A 
ODOO: OOBO 01 FF 30 58 01 FF 30 54-01 FF 30 4D 01 FF 2F DB 
ODOO: OOGO 01 FF 2F 86 01 FF 2F 2D-01 FF 2F UA 01 FF 2F 01 ODOO: OODO 01 FF 2E C7 01 FF 2E A9-01 FF 2E A3 01 FF 2E 99 ODOO: OOEO 01 FF 2E IE 01 FF 2D FE-01 FF 2D EA 01 FF 2D CB ODOO: OOFO 01 FF 2D 9E 01 FF 2D 07-01 FF 2C E2 01 FF 2C B3 
-d 8000:0 ff 

01 FF 2C B3 
8000: 0000 01 C9 C5 F8 01 C9 C5 E7-01 C9 C5 E6 01 C9 C5 CB 8000: 0010 01 C9 C5 CA 01 C9 C5 BA-01 C9 C5 B9 01 C9 C5 B4 8000: 0020 01 C9 C5 A8 01 C9 C5 A6-01 C9 C5 99 01 C9 C5 97 8000: 0030 01 C9 C5 96 01 C9 C5 79-01 C9 C5 78 01 C9 C5 77 8000: 0040 01 C9 C4 F8 01 C9 C4 F7-01 C9 C4 E2 01 C9 C4 El 8000: 0050 01 C9 C4 D2 01 C9 C4 C7-01 C9 C4 C6 01 C9 C4 7B 8000: 0060 01 C9 C4 7A 01 C9 C4 51-01 C9 C4 50 01 C9 C4 IC 8000: 0070 01 C9 C4 08 01 C9 C4 07-01 C9 C3 F4 01 C9 C3 E9 8000: 0080 01 C9 C3 E8 01 C9 C3 Dl-01 C9 C3 CF 01 C9 C3 6A 8000: 0090 01 C9 C3 5E 03 C9 C3 5D-01 C9 C3 2D 01 C9 C3 2C 8000: OOAO 01 C9 C2 BF 01 C9 C2 BE-01 C9 C2 9D 01 C9 C2 9C 8000: OOBO 01 C9 C2 8A 01 C9 C2 88-01 C9 C2 67 01 C9 C2 66 8000: OOCO 01 C9 C2 15 01 C9 C2 14-01 C9 CI FD 01 C9 CI FC 8000: OODO 01 C9 CI CA 01 C9 CI C9-01 C9 CI 89 01 C9 CI 88 8000: OOEO 01 C9 CI 6E 01 C9 CI 6D-01 C9 CI 4F 01 C9 CI 4E 8000: OOFO 01 C9 CI 3A 01 C9 CI 39-01 C9 CI 2D 01 C9 CI 2B 

Figure 6.3: Sample of data output showing the time of 
arrival of pulses from a 30902E avalanche photodiode. 
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of the data. The memory location of the top block of data 

is D090 (53,392 decimal) to DOFF (53,503 decimal) in hex 

format. The memory location of the bottom block of data is 

80000 (524,288 decimal) to 800FF (524,543 decimal) in hex 

format. The data is displayed in the sixteen columns to the 

right of the memory locations. The first byte of data tells 

where the avalanche occurred. The only diode tested was 

connected to the first input line and the other eight inputs 

to the computer interface circuit were connected to ground. 

Thus the first data byte is always one. The next three data 

bytes indicate the time when the avalanche occurred. At the 

start of the test counter 0 and counter 1 were initialized 

to FFFF in hex format. The first timing byte is the least 

significant byte of counter 1. Its value is hex FF in the 

first block of data and hex C9 in the second block of data. 

The next two bytes are the value of counter 0. Counter 0 

decrements every 32 microseconds. The difference in time 

between the first avalanche displayed in the figure (FF 32 

2D) and the next avalanche (FF 32 08) is (25 hex, 37 

decimal) is 1.184 milliseconds. 

A program called PROTO was written to read the data 

from the 8255 parallel interface IC and the 8253 timer. 

PROTO shown in Figure 6.4 is written in assembly language to 

maximize the execution speed. First it initializes the 8253 

by writing a control word to counter 0 and counter 1. The 



TITI^ READ THE PROTO BOARD; WRITE TO MEMORY 

; This program initializes the counter and the 
; PPI rc on the pcoto board. Then it polls the 
; PPI. If any of the data is high, it writes 
; the byte to memory. Then it reads counter 0 and 
; the LSD of counter I and writes it to ocraory. 

SSEG SEGMENT STACK 
DW 10 DUP (?) 

SSEG ENDS 

CSEG SEGMENT 
ASSUME CS:CSEG 

MAIN PROC FAR 
POSH DS ;Push start address of program 
SUB AX^AX 
PUSH AX 

;lnltialize counter 0 and 1 
MOV AI.,34H 
MOV DX,2CFH 
OUT DXfiO* jWrite the control word 
MOV AL^OFFH 
MOV DX,2CCH 
OUT DXfAL ;X.oad counter 0 
OUT DX,AI« 
MOV AI.,74K 
MOV DX,2CFH 
OUT DXfAI. ?Write control word 
MOV AL^OFFH 
MOV OX,2CDH 
OUT DXrAL ;Load counter 1 
OUT DXfAL 

;Inltialize the PPI 
MOV AL,9BH ;Every line an input 
MOV DX,2EFH 
OUT DXfAIi ;Write control word 

;Wait: for one period of counter I's input, clock 
INIT: MOV AL,40H ;Latch input 

KOV DX,2CFH 
OUT OX^AL 
KOV DX,2CDH 
IK AL,DX 
XCHG AL,AH 
IN AIifDX 
CMP AH^OFFH 
JNE INIT 

MOV AI.^40H 
MOV DX,2CFH 
OXJT DX,AL 
MOV DX,2CDH 
IN AL,OX 
MOV (BX1,AL 
INC BX 
IN ALfDX ;Do nothing with MSB 

;Read counter O. Write the count. 
MOV ALrO 
MOV DX,2CFH 
OUT DX,AI. 
MOV DX,2CCK 
IN AL^DX 
XCHG AH,AL 
IN AL^DX 
MOV tBX3,AL 
INC BX 
MOV CBX3,AH 

. INC BX 
JNZ START. 
MOV AX,DS 
ADD AX«1000H 
MOV DS^AX 
CMP AX,9FFFH 
JB START 
RET 

MAIN ENDP 

CSEG ENDS 
END HAIN 

: Initialize taeaory pointer. 
KOV BXfOCOOH ' 
KOV DS,BX 
SUB BX«BX 

STARTiHOV DX,2ECH 
BACK: IN AL,DX 

TEST AL,OFFH 
orz BACK 

Poll the PPI 

Figure 6.4: 
Assembly language program 

which reads data from the 
8255 parallel interface IC 
and the 8253 timer IC, then 
writes the data to memory. 
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control word puts these counters in mode 2. The output 

signal from a counter in mode 2 is a pulse with a frequency 

of the input clock divided by a number which is written to 

the counter. Since we want to cascade counter 0 to counter 

1, the number written to counter 0 is 2^ ®. By connecting 

the output of counter 0 to the clock input of counter 1, 

counter 1 will receive a pulse only when counter 0 rolls 

over. Hence counter 0 has been cascaded to counter 1. 

PROTO also initializes the 8255 by configuring all three of 

its 8 bit parallel ports as input ports. 

PROTO also has to initialize the data segment 

register before entering the main body of the program. To 

address up to 1 megabyte of memory with only a 16 bit 

internal instruction pointer, the 8088 shifts the data 

segment registers four bits to the left and adds it to the 

instruction pointer as shown in Figure 6.5. At the 

beginning of the program, PROTO initializes the data segment 

register to 3072. After this value is stored in the data 

segment register and is shifted 4 bits to the left, it 

becomes 49,152. This memory location is the start of the 

first data segment. DOS uses all the memory below this 

location. After 2^® bytes of memory have been written to 

this segment and it becomes filled up, PROTO increments the 

data segment by 4096. The new value in the data segment is 

3072 + 4096 = 7168. Hence the start of the second data 



0000 16-bit address FOR EXAMPLE: 

IF: 
0000 address=1234H 

segreg =5678H 

y adder j 01234 
• 56780 

5798̂  

20-bit memory address 
20-b<t memory address 

segment register 

Figure 6.5: How memory addresses are formed by the 8088 
microprocessor. 121] 
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segment is the value in the data segment shifted left by 

four bits which equals 68,608. The last six lines of the 

program check if the data segment needs to be incremented. 

If the present data segment is filled up, PROTO checks if 

there is enough memory left for another data segment. If 

there is enough memory available, the data segment is 

incremented. If there is not, the program ends. 

The main body of the program starts at the flag 

called START. Here PROTO constantly polls 8255's data 

register. If a "1" is detected, an avalanche has occurred 

on the photodiode connected to this input line. The polling 

loop consists of the four instructions starting at START. 

If a pulse is detected, PROTO does not jump back to BACK and 

the pulse is processed by the 28 instructions below it. 

These 28 instructions read the two cascaded 16 bit counters 

and write the four data bytes containing the time and the 

location of the event to memory. The time taken by the 

computer to read the counter and write the data to memory is 

dead time. If a second pulse appears while the computer is 

still acting on the first pulse, the data from the second 

pulse will be lost. The dead time in which the computer is 

away from the polling loop has been measured to be 

32 microseconds. 

To eliminate the 32 microseconds of dead time per 

pulse, a better but more complicated design would have been 
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to connect the nine outputs from the nine signal 

conditioning circuits to nine equal priority interrupt 

lines. If a second pulse tries to interrupt the computer 

while the first pulse is being serviced by the computer, an 

interrupt controller would save the second pulse's request 

and interrupt the computer after the first service routine 

is finished. The polling method was chosen over the 

interrupt method because the interrupt method would have 

made the hardware and software design much more complicated. 

Enhancing the design to use interrupts should be done after 

the 3x3 array of avalanche photodiodes has been made to 

work. 
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CHAPTER VII 

CONCLUSION 

This thesis investigated the use of avalanche 

photodiodes in the geiger mode to count photons. Work was 

done in three different areas: (1) three by three arrays of 

avalanche photodiodes were fabricated, (2) commercial 

avalanche photodiodes were tested, and (3) a circuit was 

designed to record the position and time of arrival of 

photons absorbed by the fabricated array. 

If the RCA 30902S avalanche photodiode specially 

made for the geiger mode was tested before the fabricated 

arrays were designed, the design of the array would have 

been much different. Since the yield of the RCA 30902S is 

small, it took three months before the 30902S was delivered. 

The three by three arrays were already designed and 

fabricated by then with the design goal of creating a 

depletion region as large as possible in order to improve 

the quantum efficiency. After the RCA 30902S was tested, 

the author realized that the most important design goal for 

fabricating a geiger mode avalanche photodiode is to 

minimize the reverse current. A large depletion region 

makes the reverse current larger. 
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The large reverse current in the fabricated devices 

was probably caused by charge generation at deep levels 

within the depletion layer. Figure 7.1 shows a 

recombination center midway between the conduction and 

valence bands of a reversed biased pn junction. Electrons 

and holes are generated and captured at the recombination 

centers of appropriate charge state. The capture rate is 

proportional to the number of mobile carriers. Since the 

number of mobile carriers in the depletion layer is very 

small, the presence of deep-lying levels in the depletion 

layer gives rise to the net generation of charge, ie. 

leakage current. Reverse leakage current arising from the 

recombination centers can be minimized by the use of clean 

processing techniques. 

If in a future research effort a large array of 

avalanche photodiodes is fabricated, the problem of making 

contact to the center diodes must be addressed. The 

conducting inversion layer below each metal lines makes the 

task of routing a metal line to each diode in a large array 

impossible. During a conversation with Dr. Ingerson [13] an 

interesting way to solve this problem was discussed. 

Suppose a very high resistivity substrate is used to 

fabricate a array of avalanche photodiodes using a reach-

through structure. Long rows of n+ diffusion with very 

narrow spacing extending through the length of the wafer 
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p-Type 

•/////M/mMMMMM/Z/A 

n-Type 

• Electrons 
i Holes 
• Recombination centers 

Figure 7.1: Charge generation in the depletion layer. [20] 
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could be made on the top side. Long columns on p^ diffusion 

with very narrow spacing extending through the length of the 

wafer could be made on the back side. A quenching resistor 

could be connected to each row on the top side and each 

column on the bottom side. When an avalanche occurs, a 

simultaneous voltage drop would occur on the row and column 

quenching resistors where the avalanche occurred thus 

determining the location of the avalanche. This design 

would solve the problem of making connection to a large 

array of avalanche photodiodes. 
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APPENDIX A 

PROCESSING STEPS 

1. Do layout. 
1.1 Use CIFSYM to draw layout. The whole layout 
cannot £it in one file. Divide the layout into four 
parts. 

1.2 Use LUCIF to concatenate the four files. 

1.3 Check the full layout using TEK. 

1.4 Use LUCIF to translate the file to the center of a 
four inch mask. 

1.5 Use CIFPG to create a PG file for each mask. 

1.6 Add reticle information (size and location) to 
each PG file using the editor on the VAX. 

1.7 Transfer the files from the VAX computer to the HP 
computer using VAXHP. This program creates PG files 
with a CP/M format, the format used by the GCA pattern 
generator. 

2. Make the masks on the GCA pattern generator. Use the 6 
pot reversal process on all of the masks except the aluminum 
mask. Use the 3 pot process on the aluminum mask. 

3. Clean the glassware, the field oxide furnace tube, the 
push rod, the boat holder, the boat and the thermocouple 
sheath using 1:3 volume to volume HF;HN03 mixture. 

4. Grow 10,000 angstroms of silicon dioxide for a mask for 
the guard ring diffusion. 

4.1 Clean the wafers using the RCA cleaning procedure. 

4.2 Do a 1150<>C temperature profile the field oxide 
furnace. 

4.3 Purge the furnace for 3 hours with the DI water in 
the bubbler boiling. O2 bubbler flow meter =40; O2 
bypass flow meter = 10. 
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4.4 Put the wafers in the center of the 1150®C furnace 
for 3 hours with steam and oxygen flowing through the 
furnace. 

5. Do guard ring photolithography. 

6. Do guard ring diffusion. 

6.1 Clean wafers using the RCA cleaning procedure. 

6.2 Do an 1150**C temperature profile of the phosphorus 
pre-deposition furnace and phosphorus drive-in furnace. 

6.3 Set the O2 flow meter at 40 and the N2 bypass flow 
meter at 70. 

6.4 Load wafers slowly pushing them to the center. 

6.5 Switch N2 from the bypass through POCI3 bubbler 
for 5 minutes. 

6.6 Slowly remove the wafers from the phosphorus pre-
deposition furnace and put them in the phosphorus 
drive-in furnace for 5 hours. 

7. Do ion implant photolithography. 

8. Grow 200 angstroms of buffer Si02 to protect the silicon 
before doing the ion implantation. 

8.1 Clean wafers using the RCA cleaning procedure. 

8.2 Do a 800®C temperature profile of the oxide growth 
furnace. 

8.3 Slowly push the wafers to the center of the furnace. 

8.4 With the DI water in the O2 bubbler boiling, set the O2 
bypass flow meter to 150 and the O2 bubbler flow meter to 
30. 

8.5 After 18 minutes remove the wafers. 

9. Do the boron ion implantation. Dose = 2 x 10^^. Energy = 
50keV. 

10. Grow 1500 angstroms of Si02 as a mask for the n^ diffusion. 

10.1 Clean the wafers using the RCA cleaning procedure. 

10.2 Do a 950®C temperature profile of the oxide growth 
furnace. 
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10.3 Slowly push the wafers to the center of the furnace. 

10.4 With the DI water in the O2 bubbler boiling, set the 
O2 bypass flow meter to 150 and the O2 bubbler flow meter to 
30. 

10.5 After 30 minutes remove the wafers. 

11. Do n+ photolithography. 

12. Do n^ diffusion. 

12.1 Clean the wafers using the RCA cleaning procedure. 

12.2 Do a 900®C temperature profile of the phosphorus pre-
deposition and drive-in furnace. 

12.3 Set the O2 flow meter to 40 and the N2 bypass flow 
meter to 70. 

12.4 Slowly push the wafers to the center of the furnace. 

12.5 Switch the N2 from the bypass through the POCI3 
bubbler for 10 minutes. 

13. Grow 1500 angstroms of Si02 for a protective and anti-
reflective film. (I planned on doing a 850 angstrom low pressure 
chemical deposition of silicon nitride at this step instead. The 
index of refraction of Si3N4 make it a better anti-reflective 
film than Sio2. I could not do the Si3N4 deposition because the 
training personnel for the low pressure chemical deposition 
system was not available.) 

13.1 Do a 900®C temperature profile of the oxide growth 
furnace. 

13.2 Slowly push the wafers to the center of the furnace. 

13.3 With the DI water in the O2 bubbler boiling, set the 
O2 bypass flow meter to 150 and the Oz bubbler flow meter to 
30. 

13.4 Slowly remove the wafers after 30 minutes. 

14. Do contact photolithography. 

15. Deposit aluminum. 

16. Do aluminum photolithography. 

17. Sinter the aluminum for 2 minutes at 450*'C. 
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1. Prime wafers by putting them into the YES LP-III 
automatic vapor prime system for 30 minutes. 

2. Apply positive photoresist, RTI820, on front side. Spin 
at 500 RPM for one second and 4,500 RFM for 30 seconds. 

3. Cure for 30 minutes at 90®C. 

4. Use the GCA 4800 direct wafer stepper to expose the 
wafers. 

4.1 Make sure that the mercury lamp has been on for 
15 minutes. 

4.2 Load the mask into the DSW. Align the mask. 

4.3 Run the control program. 

4.4 Load and align the wafer. 

4.5 Expose the wafer. 

5. Immerse the wafer in 934 developer for 1 to 3 minutes. 
Check the wafer under the microscope every 30 seconds. 

6. Rinse the wafers in DI water. Blow dry. 

7. Post-bake in a 135®C oven for 30 minutes. 

8. Etch away the exposed silicon dioxide using 6:1 KTI 
buffered HF. Use a polyethelene bowl and boat. Continue 
etching until the colar goes away from the exposed areas and 
the exposed areas no longer attract water. 

9. Etch away the photoresist using piranha. 



APPENDIX B 

SUPREM INPUT FILE: GUARD RING DIFFUSION 

Title 

Conunent 
Initialize 
-<• Thickness 

Sam's avalanche photodetector 

Initialize the substrate 
<100> Silicon, Boron Concentration = 2el4 
=15 dx = .5 

Comment Grow masking oxide for guard ring. 
Diffusion Temperature = 1150 Time = 180 Wet02 

Comment Etch oxide over the guard ring region. 
Etch Oxide 

Comment 
Diffusion 
+ Phosphorus 
Diffusion 
Diffusion 

Comment 
Diffusion 

Diffuse guard rings 
Temperature = 1150 Time = 5 dTim = .3 
Solidsolubility 
Temperature = 1150 Time = 300 
Temperature = 1150 Time = 60 wet02 

Grow oxide to protect silicon before implant 
Temperature =800 Time = 18 wet02 

Comment 
Diffusion 
Diffusion 

Comment 
Print 
Print 
Print 

N+ diffusion 
Temperature = 900 
Temperature = 900 

Time = 5 dtmin = .3 
Time = 10 

Plot the diffusion profile 
Layer 
Concentration Chemical Boron 
Concentration Chemical Phosphor 

Stop 



Concentration (cm -3) 
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ro (O 
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o -
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o -

: 
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o 

OOT 
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APPENDIX C 

SUPREM INPUT FILE: DIODE DIFFUSION 

Title Sam's avalanche photodetector 

Comment Initialize the substrate 
Initialize <100> Silicon, Boron Concentration = 2el4 

+ Thickness =3 dx = .01 xdx = .3 

Comment Grow thin layer of oxide to protect the silicon 
Diffusion Temperature = 800 Time = 18 Wet02 

Comment Implant boron. 
Implant Boron Dose = 2.0ell Energy = 50 

Comment Grow 1500A of oxide for N-i- mask 
Diffusion Temperature = 950 Time = 30 wet02 

Comment Etch oxide 
Etch Oxide 

Comment Diffuse N-t-
Diffusion Temperature = 900 Time = 5 dtmin = .3 

+ Phosphorus solidsolubility 
Diffusion Temperature = 900 Time = 10 

Comment Grow 1500A of oxide 
Diffusion Temperature = 900 Time = 30 wet02 

Comment Deposit aluminum 
Deposit aluminum Thickness = 1.2 
Etch aluminum 

Comment Plot the diffusion profile. 
Print Layer 
Print Concentr Chemical Boron 
Print Concentr Chemical Phosphor 

Stop 



1 0  

10 

17 

O 10 

Ion implant, No 

10 

10 0.80 0.70 0.30 0.40 0.50 

Depth (microns) 
0.20 0.10 0.00 
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