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ABSTRACT 

An experimental apparatus for carrying out electrical 
noise measurements on various semiconductor devices over .a 
broad temperature range was constructed. Commercially 
available avalanche photodiodes (APDs) could be illuminated 
over the wavelengths 420 nm to 2 gm and the noise current 
spectrum from 10 Hz to 10 kHz could be measured by a phase 
sensitive detection system. 

The noise above normal shot noise in germanium, silicon, 
and indium-gallium-arsenide avalanche photodiodes was studied 
as a function of temperature and wavelength over their 
photosensitive range. Noise spectra in the frequency range 
0.01-10 kHz exhibited considerable 1/f type noise at the 
lowest frequencies. The 1/f noise was especially strong for 
the indium-gallium-arsenide APD with the 1/f behavior 
extending up to -2 kHz. The excess noise in the flat-band 
region was investigated for all three APDs to determine the 
excess noise factor, F, as a function of temperature and 
wavelength. The ratio of the electron-to-hole ionization 
coefficients, k, was determined from the excess noise factor. 
It was found that for all three APDs, F and hence k were 
independent of the illumination wavelength and the temperature 
over the range examined. The experimental ionization 
coefficients were compared with the calculated values in the 
literature and discussed within the theoretical framework of 
Webb, McIntyre, and Conradi. In addition, the temperature 
dependence of the multiplication factor under a constant 
reverse bias voltage was also examined. 
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1. INTRODUCTION 

1.1 INTRODUCTION TO AVALANCHE PHOTODIODES 

The birth of the laser in 1960 opened the door to a whole 

new era of technology. Among the most important of the new 

possibilities presented by the invention of the laser was to 

use light as an information carrier. However, one major 

obstacle had to be overcome: what would the transmission 

medium be? Ideas such as line of sight between two telescopes 

and waveguides with periodic focusing elements were 

considered. Dielectric waveguides were not considered because 

of their very high losses - on the order of 1000 dB/km for the 

optical fiber of the era. [1] 

Fortunately, progress in materials research was rapid, 

and losses were reduced to 20 dB/km in 1970 and 4 dB/km in 

1973. One of the principal characteristics of both early and 

modern optical fiber is its attenuation as a function of 

wavelength. Early technology made exclusive use of the 800 to 

900 nm wavelength band since the fibers of that time exhibited 

a local minimum in the attenuation curve and optical sources 

and detectors operating in this region were available. Fibers 

with low losses in the 1100 to 1600 nm region were eventually 

developed by reducing the concentrations of hydroxyl and 

metallic ions in the fiber material. Wavelength regions where 

1 
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low fiber loss could be obtained sparked interest in 

developing light sources and detectors which could be operated 

in those same regions. [2] 

The evolution of optical fiber communications has lead to 

the use of fiber in many telecommunications and 

instrumentation systems presently in service. The room for 

growth in this field seems limited only by imagination. 

Although much emphasis has been placed on research into the 

fibers themselves, all components of a fiber communication 

system must eventually be studied to improve the overall 

performance of these systems. Transmitter sources and 

receivers are the other two fundamental components of an 

optical communication system. The receiver in these systems 

usually takes the form of a semiconductor photodiode. The 

development of new photodiode structures and the materials 

that compose them has generally followed fiber development 

trends That is, semiconductor materials which respond to the 

wavelengths of low attenuation in the fibers have been used to 

fabricate photodiodes which will complement these fibers. 

The optical power emerging from the end of the fiber will 

be detected by the photodiode. The photodiode is a square-law 

device since it converts the received optical power directly 

into an electric current output - the photocurrent. The 

primary detector types used in fiber optic systems are 
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semiconductor p-i-n and avalanche photodiodes (APDs). Early 

systems used p-i-n photodiodes almost exclusively. 

Advancement in the development of APDs and the attraction of 

their internal gain mechanism (see chapter 2) have made APDs 

more common in recent optical communications systems. The 

importance of APDs is continuing to grow at present. Its 

ability to amplify the received signal itself benefits low 

received light power applications in communications and 

elsewhere. The future of optical receivers will most likely 

see photodiodes integrated with electronic amplifiers on a 

single chip. Present work into these devices suggest that p-

i-n photodiodes may be the most suitable detector for such 

configurations. Nonetheless, APDs are still in use in many 

applications, and there is therefore much interest in 

understanding APD characteristics on a fundamental basis. 

Several semiconductor materials have been fabricated into 

avalanche photodiodes, and research continues into the 

development of new materials for these devices. There are 

currently three primary materials commercially available in 

APD structures: silicon (Si), germanium (Ge), and indium-

gallium-arsenide (InGaAs). Silicon photodiodes respond to the 

shorter wavelengths, that is, 800 to 900 nm. Silicon 

photodiodes were already available when fiber lightguides 

became practical. These early fibers showed the lowest 

attenuation for the 800 to 900 nm wavelengths where silicon 
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responds well. Germanium is also useful in this range but has 

been used primarily in the longer wavelength range of 1100 to 

1600 nm where second generation fibers exhibited attenuation 

minima. Germanium detectors are being replaced in some 

instances by the newer InGaAs technology. InGaAs APDs are 

used for wavelengths in the 1100 to 1600 nm region. 

Among the most important characteristics of an APD from 

a communications system point of view is the noise produced 

within the device itself. The noise in the device sets the 

absolute minimum light power that can be detected by the 

device. As a result, devices with lower noise or the 

operating conditions allowing the lowest noise for a 

particular device are generally more useful. That is, as 

noise is reduced so is the minimum detectable signal power, 

ane therefore, the distance over which information can be sent 

is increased. 

1.2 RESEARCH OBJECTIVES 

The objective of this thesis work was to further 

characterize noise in commercially available avalanche 

photodiodes and compare the measurements with the current 

physical models. In order to accomplish this, a noise 

measurement apparatus was assembled. One part of the 

apparatus involved a closed-cycle helium cryostat to allow 
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temperature dependences to be studied. A light source with a 

broad spectral range was added to the experiment so that the 

variation of noise with wavelength could also be studied. The 

noise measurements were obtained from a lock-in amplifier 

system which was controlled by a microcomputer. 

The intention was to determine whether optimum operating 

conditions could be obtained for the avalanche photodiodes. 

Was there a temperature or wavelength range which provided a 

lower noise level in the devices? In addition, it was 

desirable to relate the noise characteristics to the 

fundamental material properties of the impact ionization 

coefficients. Other characteristics of the devices were also 

studied. The gain produced as a function of temperature was 

examined. 

Chapter 2 of the thesis describes the principles of the 

operation of avalanche photodiodes. Included in this chapter 

are discussions of avalanche multiplication, ionization rate, 

excess noise factor, and device structures. Chapter 3 is a 

detailed explanation of the experimental setup and technique 

along with some system calibrations which were performed. The 

experimental results and discussion of noise and gain 

measurements are presented in Chapter 4. Chapter 5 contains 

the conclusions and suggestions for possible system 

improvements and future work. 



2. AVALANCHE PHOTODIODES 

2.1 INTRODUCTION 

The intent of this thesis work was to study the noise 

properties of avalanche photodiodes. The first step should be 

to describe the nature and operation of these devices. This 

chapter will examine the basic properties of avalanche 

photodiodes. Expressions will be presented for calculating 

the avalanche gain, detector excess noise factor, and 

effective noise factor under conditions of mixed injection. 

Some commercially available avalanche photodiode structures 

will be discussed. 

The outstanding feature of avalanche photodiodes is that 

they have an internal gain mechanism which multiplies the 

primary induced photocurrent. This is caused by avalanche 

multiplication of electron-hole pairs that takes place within 

the diode structure. In spite of disadvantages such as 

requiring high reverse bias voltages from tens to hundreds of 

volts, avalanche photodiodes are dominant in high-speed 

optical communications systems with extended transmission 

distances. 

Depending on the wavelength of operation, three materials 

are generally used in avalanche photodiode structures: silicon 

6 
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(Si), germanium (Ge), or indium-gallium-arsenide (InGaAs). Si 

is used for short wavelengths, InGaAs for long wavelengths, 

and Ge can be used for both. Low noise and high sensitivity 

have been achieved in Si devices, and they are commonly used 

in short- and middle-distance systems using multimode fibers 

[3] . 

For long-wavelength applications, Ge was the first 

commercially available avalanche photodiode. Until recently 

when InGaAs has become practical, the Ge avalanche photodiode 

was the dominant detector used in receivers for high-speed 

systems. They are still preferred in some situations as 

matured stable detectors with high sensitivity. 

Unfortunately, Ge suffers from some undesirable inherent 

properties which have made it difficult to improve the present 

characteristics of Ge devices in terms of dark current, excess 

noise, and light sensitivity at the 1.55 gm wavelength. 

Attention has thus been turned to InGaAs for avalanche 

photodiodes. Although InGaAs is a narrow bandgap 

semiconductor like Ge, it allows devices to be designed using 

a combination of other materials to reduce the dark current 

[4]. InGaAs also exhibits a greater ratio of electron to hole 

ionization coefficients (a topic to be discussed later). 

Excluding background-limited applications which are not 



8 

the case for optical communications, the limiting source of 

noise in an optical receiver can be either the dark current in 

the detector, the noise in the preamplifier, or the quantum 

noise in the signal carrier. If the dark current in the 

detector is the limiter, improvement can only be obtained by 

reducing the dark current, either by cooling the detector or 

switching to a different detector such as a photomultiplier or 

a device fabricated from a wider bandgap material. If 

amplifier noise is the limiting noise source, it is desirable 

to have an internal gain mechanism in the detector that 

multiplies the detected signal. A signal-to-noise ratio 

benefit can be obtained when the gain mechanism multiplies 

both the detected signal and the detector noise until the 

detector noise just equals the amplifier noise. 

A multiplying detector can only improve the system 

performance when the dark and background currents are 

sufficiently low that the noise from all other sources is less 

than that of the preamplifier. The required gain is then that 

which will raise the other noise sources above the noise of 

the preamplifier [5]. 

2.2 AVALANCHE MULTIPLICATION 

The avalanche process depends on the basic physical 

mechanism of impact ionization. Under the influence of a 
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sufficiently high electric field, an electron or hole can 

collide with a bound (valence) electron giving up enough 

energy in the collision to ionize the lattice site, thereby 

creating an extra electron and hole. These additional 

carriers can also gain enough energy from the electric field 

to cause further impact ionization until an avalanche of 

carriers has been produced. 

2.2.1 Ionization Rate 

The probability that an electron or hole will experience 

an ionizing collision is strongly dependent on the electric 

field and can increase by several orders of magnitude for a 

field increase of 50 percent for example. Normally, the 

ionization probabilities are assumed to be functions of the 

electric field only. This assumption is usually valid in a 

practical avalanche photodiode, where the mean free path for 

scattering collisions is much shorter than both the mean free 

path for ionizing collisions and the distance over which the 

electric field and ionization rates change appreciably. Since 

the electric field in the depletion region depends upon 

position and the ionization coefficients are highly dependent 

upon the electric field, the ionization coefficients are 

strong functions of position in the depletion region, and are 

large enough to merit consideration only where the electric 

field is highest. The probabilities that an electron or hole 
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will undergo an ionizing collision in a distance dx are 

denoted by adx and (adx, respectively, where a and p are the 

ionization coefficients. 

2.2.2 Multiplication 

The ideal avalanche photodiode would be one in which only one 

type of carrier is capable of ionization. If these carriers 

were electrons, an attempt would be made to absorb all the 

light on the p-side of the junction. While travelling across 

the high field region, the electron current Jn would vary with 

position according to the equation 

dJ 
n = aJ„ 

which can be integrated to obtain 

Jn (x) = Jn (X2 ) exp[f x2adx] . 
xi

(2.1) 

(2.2) 

If, as depicted in Fig. 2.1a, the extremities of the high 

field region are represented by xl and 

multiplication would be given by 

and 

Me = e$

8= fx2adx . 
xt

x2, 
the electron 

(2.3) 

(2.4) 

The electron multiplication M. is simply the ratio of the 
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Fig. 2.1 Schematic diagram of the multiplying region of an 
avalanche photodiode (after Webb et al. [6]). 

multiplied electron current Jn(xO to the injected electron 

current Jn(x2). Although Me increases exponentially with 8, it 

is always finite as long P=0. Therefore, this type of diode 

would never go into avalanche breakdown. 

Unfortunately, the ideal situation of multiplication of 
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one type of carrier only is not the case in practical 

semiconductor materials. In most materials, both electrons 

and holes have the potential for ionization in which case Eqn. 

(2.1) must be modified to give 

cleT,dJ, = _ p jp _ g(x) = • (2.5) 

This equation has been generalized to include both the hole 

and electron ionization currents as well as the case where 

optical generation g(x) also occurs in the high field region. 

The solution to Eqn. (2.5) can be written as [6] 

Jo 
g(x)M(x)dx 

Ivl= 

Jo
)dx 

(2.6) 

where 701 is the average multiplication for all carriers 

generated in the diode, and M(x) is the multiplication that a 

hole-electron pair generated at x will undergo. This can be 

expressed as [8] 

M(x) =  G(x)

1 - j("x2aG (x) dx 
(2.7) 
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where 

G(x) = exp[-f x, (a-(3) . (2.8) 

M(x) is shown in Fig. 2.1b. M(x) is constant everywhere 

except in the high field region. It has the value M h on the 

n-side of the junction and Me on the p-side, the transition 

region being very narrow. It is usually sufficient to 

approximate Eqn. (2.6) as follows [6] 

= IpoMh + InoMe

Ipo + Ino
(2.9) 

where /1 = .1 g(x)dx and In0 = fg(x)dx are the primary or 
0 

injected hole and electron currents. M h and Me are related by 

Mh = G(X0M e. 

Generally, Eqn. (2.7) is very difficult to solve, but it 

can be put in a more useful form by writing [6] 

G(x) (1-k1) 
M(x) =  , G(xi ) = exp[-(1-k0)8] (2.10) 
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where 

and 

213-dx 
ko = 

aadx 

fxl3G (x) dx 
k 
1 

= ric
jx aG (x) dx 

i

(2.11) 

(2.12) 

Thus k0 is an average and k1 is a weighted average of the ratio 

of the hole and electron ionization rates. As a first 

approximation, 'co and kl can be considered constant and equal 

since they do not normally vary much with gain. This is an 

important result because it allows the properties of the 

avalanche photodiode to be studied in terms of the ratio of 

the ionization coefficients. The electron multiplication as 

a function of 8 and k1 is shown in Fig. 2.2 [7]. Except for 

the case where kl = 0, the multiplication goes to infinity at 

a finite electric field. The graph also shows that the slope 

of the M versus e curve is a strong function of k1. The 

importance of this curve lies in the fact that it determines 

how uniform the doping level must be in the depletion region 

so that a given multiplication uniformity can be obtained. 

For example, a gain of 100 with a 0.5 percent variation in 

doping level (and therefore the electric field) would result 

in a 20 percent variation in gain if k = 0.01 and a useless 
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Fig. 2.2 Electron multiplication as a function of 
electric field and 8, with ionization ratio k1 as a 
parameter, in a 1 gm wide p-i-n diode (after Webb et 
al. [7]). 

320 percent gain variation if k = 1 [7]. This curve brings to 

light the severe practical problems associated with trying to 

make an avalanche diode out of a material which exhibits a k1

which is not small. 
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2.2.3 Excess Noise Factor 

The expressions for M(x) given in Eqns. (2.7) and (2.10) 

give the average multiplication. However, not every electron-

hole pair generated at x will undergo the same multiplication. 

In fact, there is quite a wide probability distribution of 

possible gains that any particular pair of carriers might 

experience. The result is that when the average gain is M, 

the mean square gain is greater than M2. Since noise depends 

on the mean square gain, the avalanche photodiode can be quite 

noisy. The noise spectral density in the primary photocurrent 

will be 2e10 (shot noise), and the noise spectral density in 

the multiplied current can be written as 2eI0M2F. F is defined 

as <M2>/<M>2 where the symbols < > imply an average over the 

number of carriers. Therefore, F is the ratio of the noise 

actually present in the device to the that which would exist 

if the multiplication process were noiseless. That is to say 

that all the generated electron-hole pairs would be multiplied 

by exactly M. F is referred to as the excess noise factor. 

The excess noise factor relations for injected electrons 

and holes have been derived in the literature [8,91: 

k,-k? k, (1-k,) (1-k1) 2
Fe 

A2 
= Me + 2[1-  '

1-k2
' 

1  
Me (1—k 2 ) 

[ F  = k 2 — k? fri 
—

2  k2 (1- k1) _ i  4. (1-k1) 2 k2
h 

ki (3- 2 ) b 771 7---kd Jc (1—k2) Mn 

(2.13) 

(2.14) 
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In these equations, k2 is another weighted ionization factor 

given by 

k2 = 
213M2 dx 

x, 

f 20CM2dx x, 
(2.15) 

For most practical purposes, Fe and F h can be simplified as 

follows [10] 

where 

Fe = keffMe + (2-1/Me) (1-keff ) (2.16) 

F h = keffMh — (2 -1/Mh ) (keff-1) 

k
2

-1(32. 

k2 keff — 
1 — k 2

keff k2 
k eff 

k1 k1 

(2.17) 

(2.18) 

(2.19) 

Fig. 2.3 gives a plot of Fe as a function of Me and keff 

[10]. This graph clearly shows that a small value of keff is 

desirable to keep the excess noise factor at a minimum. 

When light is absorbed on both sides of the junction, 

indicating that both electron and hole currents are injected 

into the multiplying region, the effective noise factor is 

given by [10] 

fM!Fe + (1-f) Mf,Fh
Feff  [ fMe + (1- f) Mi ] 2

(2.20) 
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where f = Inoi( 10 +1,0) is the ratio of the electron to the 
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Fig. 2.3 Excess noise factor as a function of electron gain, 
Me and keff (after Webb et al. [10]). 

total injected current. Feff in Fig 2.4 is a function of the 

injection ratio f for a diode with keff = 0.005, indicating 

that a low keff is not sufficient for low noise unless most of 

the light is absorbed on the correct side of the junction. 

The physical explanation of the increase in effective 

excess noise factor is quite simple. If mixed injection 

exists, the diode must be operated at a voltage that can 

produce an electron gain considerable higher than the average 
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Fig. 2.4 Excess noise factor for mixed injection with keff = 
0.005 (after Webb et al. [10]). 

gain to obtain an average gain of M as explained in Eqn. 

(2.6). The result is that the excess noise factor is 

increased. 

2.3 AVALANCHE PHOTODIODE STRUCTURES 

Some very basic avalanche photodiode structures will now 

be examined. For brevity and simplicity, only silicon will be 

discussed as the semiconductor material of these structures. 

This will allow the merits of the designs to be compared 
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directly. There are many other configurations for avalanche 

photodiodes which have been fabricated, but the simple designs 

which are discussed below indicate a trend toward the reach-

through structure which has been adopted in most cases [11]. 

kV 
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Fig. 2.5 Structures of three different commercially available 
avalanche photodiodes: (a) beveled edge diode, (b) 
guard ring structure, and (c) reach-through 
structure (after Webb -et al. [11]). 
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Fig. 2.5 shows three different silicon avalanche 

photodiode structures [11]. The structure in Fig 2.5a, the 

beveled-edge diode, is a p+n junction with the n-type 

resistivity chosen to make the breakdown voltage very high, 

say 1800 to 2600 V, creating a device with a wide depletion 

region. Breakdown at the periphery of the junction is 

prevented by the physical beveling of the diode edges. The 

junction is generally deep (50 to 75 gm). This is sometimes 

reduced by etching a "well" in the p-layer as shown. Holes 

are not as readily multiplied in silicon as are electrons, and 

so this device has the advantage of a low multiplied dark 

current since most of the carriers contributing to the bulk 

dark current are holes. Thus, the multiplication is a 

function of where the carriers are generated as indicated in 

Fig. 2.5. However, the only portion of the signal that gets 

multiplied is that which is absorbed in the p-layer. 

Unfortunately, the field is very low in this region, and so it 

takes 10 to 30 ns for this charge to be collected. As a 

result, one is forced to make the choice between slow response 

and high gain at short wavelengths (< 0.9 gm) and fast 

response and low effective gain at long wavelengths (> 0.9 

gm) . 

The guard-ring structure as it is commonly referred to is 

shown in Fig. 2.5b. This structure can be made either n+ on 

p or p+ on n, or a Schottky barrier plus a guard ring instead 
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of a diffused junction can be used. The device shown would 

have a junction depth of 1 to 2 gm and a depletion region 

depth of 10 to 15 gm. Because it is better to generate 

carriers on the p-side of the junction, this structure works 

well for wavelengths in the range 0.6 to 0.8 gm. For 

wavelengths longer than this, much of the light can penetrate 

through to the undepleted region and some of the carriers 

generated are collected by diffusion and multiplied. The 

diffusion process is slow, however, and these carriers cannot 

contribute to the high-frequency response of the diode. 

Unfortunately, these carriers represent an additional noise 

source. 

The structure of Fig. 2.5c is the reach-through avalanche 

photodiode. This type of device seems to combine the 

desirable features of high speed, high gain, and low noise. 

This is achieved by separating the depletion region into two 

parts - a wide drift region in which the photons are absorbed, 

and a narrow multiplying region. 

The p-type and n-type diffusions that create the 

avalanche region are carried out in sequence and are adjusted 

so that when a reverse bias voltage is applied, the depletion 

region of the diode just "reaches-through" to the low 

concentration It region when the peak electric field at the 

junction is 5-10 percent less than the breakdown field. Any 
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additional voltage will cause the depletion layer to increase 

rapidly out to the p+ contact while the field throughout the 

device decreases relatively slowly. 

The n region of the device, which is the substrate 

crystal, will be typically about 5000 a-cm resistivity. This 

allows widths as high as 200 gm to be depleted with the 

application of less than 100 V bias over and above that 

required to achieve reach-through. In any case, the diode is 

operated only in the fully depleted mode in which all carriers 

are collected by drift only. This has an important effect on 

the response speed of the diode [12]. 

Since the ionization coefficient for electrons is higher 

than that for holes in silicon, optimum conditions exist when 

the incident radiation is absorbed in the n region. The fully 

depleted structure allows the device to be used with radiation 

entering the p+ contact. Electrons absorbed in the n region 

are swept through to the high field region where they get 

multiplied. The holes produced via multiplication traverse 

the n region to the p+ contact and comprise the main portion 

of the multiplied signal. 

The electric field profile for the reach-through 

structure is shown in Fig 2.5c. Multiplication occurs in the 

high field region around the p-n junction which is generally 
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about 2 µm wide. Although relatively low,the field in the n 

region is high enough to assure carrier velocities which 

approach saturation. This creates electron and hole transit 

times in the range 0.5 to 5 ns depending on slice thickness 

and applied bias. 

O 

VOLTAGE 

Fig. 2.6 Gain-voltage characteristics encountered at various 
stages of processing (after Webb et al. [13]). 
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Fig. 2.6 illustrates the three gain-voltage 

characteristics which can be produced by the final n-type 

diffusion: 

1. n-type impurity not adequately diffused so that 
avalanche occurs before reach-through is achieved; 
2. the desired condition where reach through occurs 
just as multiplication has risen to an intermediate 
value, say 10 or 20, beyond which point additional 
applied voltage gradually increases the field and 
hence the gain; 
3. n-type impurity diffused too far so that useful 
gains only occur at excessively high voltages. 

Fabrication and other practical concerns generally limit 

sensitive thicknesses to 50 to 200 gm for reach-through 

avalanche photodiodes [12]. For this range of thicknesses, 

the drift region accounts for greater than 90 percent of the 

total wafer thickness, and this results in almost every photon 

of any wavelength absorbed in the device contributing to the 

multiplied current. This also avoids any substantial increase 

in the excess noise factor due to mixed injection. 

To illustrate the advantage, the beveled edge structure 

in Fig 2.5a would likely have a keff between 0.005 and 0.01 but 

an f (recall this was the ratio of electron to total injected 

current) of only 0.2 or less when used at 1.06 gm which 

results in a very high effective noise factor. However, the 

reach-through structure could have a 

0.95 to 0.98 at 1.06 gm so that 

identical [13]. 

k eff 

F e f f 

of 0.02 and an f of 

and Fe are almost 
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2.4 CONCLUSION 

The basic principles of the avalanche mechanism 

responsible for gain in avalanche photodiodes have been 

reviewed. It has been shown that avalanche detectors made 

from materials in which electron and hole ionization rates are 

nearly equal would exhibit a high level of noise. It has also 

been shown that the reach-through structure is superior to the 

other types which have been available hitherto. Although many 

novel device structures are being developed currently, the 

reach-through avalanche photodiode is a dominant device for 

optical communications at present. 

The following chapters will examine the nature of the 

experimental setup and the results which have been obtained. 

Three commercially available avalanche photodiodes have been 

studied - each derived from a different semiconductor 

material. These were silicon, germanium, and indium-gallium-

arsenide. Before looking at the results, however, the noise 

measurement system and related apparatus will be examined in 

some detail in the next chapter. 



3. EXPERIMENTAL PROCEDURE 

3.1 INTRODUCTION 

A noise measurement system for studying the noise 

characteristics of various semiconductor devices as a function 

of temperature was assembled for the purposes of this thesis. 

The system maintained the temperature of the device-under-test 

(DUT) with an accuracy of ± 0.1°C over a temperature range of 

at least -200°C to +200°C. The DUT was biased by a low-noise 

variable dc power supply. Light sensitive devices, such as 

the APDs tested for this thesis work, were irradiated at 

various infrared and visible light wavelengths using a 

variable intensity light source. The level of noise in the 

DUT was then measured by a phase-sensitive detection system 

which was linked to a personal computer. The following 

sections provide a detailed description of the experimental 

set-up developed in this work. 

3.2 GENERAL DESCRIPTION 

Excess noise measurements and dc measurements were 

performed on various avalanche photodiodes. Fig. 3.1 gives a 

simplified block diagram of the experimental apparatus. The 

APD was reverse-biased by a low-noise power supply. The noise 

current of the device was amplified by a battery-operated 

27 



28 

/ 

COMPRESSOR 

VACUUM PUMP 

'N \. 
I I 

LOW NOISE 

METAL FILM 

REFRIGERATOR 

C 

VOLTAGE SUPPLY 

1 

APD 

122.9. K 

TEMPERATURE 
CONTROLLER 

FILTER WHEEL 

CONDENSER 

TC 

-150.1 C 

IF 
TUNGSTEN-HALOGEN LIGHT SOURCE 

DIGITAL THERMOMETER 

LOCK-IN AMPLIFIER 
PHASE' SENSITIVE DETECTOR 

ULTRA-LOW NOISE 
CURRENT AMPLIFIER 

0.00157 

KEITHLEY 
DC AMMETER 

SQUARE WAVE GENERATOR 

INTERFACE 

MICROCOMPUTER PC-AT 
(MATH COPROCESSOR) 

NOISE SOFTWARE 

Fig. 3.1 Schematic diagram of the complete measurement 
system. 
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ultra-low noise preamplifier. The noise current was then 

measured by a lock-in amplifier (LIA) and phase sensitive 

detector (PSD) which excluded spurious noise. The PSD output 

was interfaced to an IBM compatible PC-AT microcomputer where 

resident noise measurement software was used to obtain the 

noise current in the DUT. Photodiodes were mounted in a 

closed-cycle liquid helium cryostat to allow device 

characterization over a wide temperature range. 

3.3 DEVICE BIASING 

The APD under test was biased through an RC network as 

indicated in Fig. 3.1. The resistor was a 1% precision metal 

film type to ensure that it would introduce the lowest level 

of noise into the DUT. The only noise source in a metal film 

resistor is the thermal noise of the resistance rather than 

other excess noise sources (such as shot noise) associated 

with non-metallic types of resistors (e.g. carbon resistors) 

[14]. The resistor was chosen to be between 1 ida and 100 Ida 

depending on the device specifications and the diode currents 

involved. The capacitor consisted of two 2.2 µF and one 1 µF 

capacitors in parallel to obtain a total of 5.4 µF. These 

capacitors were ceramic type to minimize leakages and noise 

sources and were intended to provide an ac signal path to 

ground for the noise current of the APD and to reduce the 

noise entering the APD from exterrJal sources such as the power 
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supply and biasing resistor. The biasing circuit was housed 

in a grounded metal enclosure outside the cryostat. 

The variable voltage supply for biasing the DUT was a low 

noise high voltage supply (model 556H) from EG&G Ortec t. The 

model 556H power supply provided an output voltage between 0 

and 3000 V at a maximum output current of 10 mA. The 556H 

supply could provide a highly stable, low-noise output of the 

standard required for the semiconductor detectors which were 

studied. Because of its output ripple of less than 10 mV 

peak-to-peak between 20 Hz and 20 MHz, it is recommended by EG 

& G for low noise biasing of photodetectors [15]. The 

interconnection between the power supply and the biasing 

circuit was through standard RG-58 50 ohm coaxial cable with 

BNC connectors. Measurement of the dc bias voltage of the APD 

was performed by a Fluke* 8010A digital multimeter. 

Photodiode current measurements were carried out using a 

Keithleytt model 616 digital electrometer. This instrument 

provided five digit accuracy in the current measurements. 

tEG&G Ortec, 100 Midland Road, Oak Ridge, Tennessee 
37831-0895, USA 

*John Fluke Mfg. Co., Inc., P.O. Box 43210, Mountlake 
Terrace, WA 98043, USA 

ttKeithley Instruments Inc., 28775 Aurora Road, Cleveland, 
Ohio 44139, USA 
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3.4 TEMPERATURE CONTROL 

3.4.1 Closed-Cycle Helium Refrigeration [16] 

As shown in Fig. 3.1, the temperature control system 

consists of a standard heat-pump type of configuration with an 

interchange of a working fluid between a compressor and a 

refrigerator or cold-head as it will be referred to here. The 

working fluid in this particular system is helium which allows 

the cold head to be cooled to cryogenic temperatures. 

The cooling process used in the cryostat is similar to 

those used in other refrigeration systems. The working fluid 

is first compressed, and the heat of compression is removed by 

air-cooled heat exchangers. The working fluid is then allowed 

to expand in the cold head thereby removing heat from its 

surroundings. By making this a cyclic process, very low 

temperatures (30 to 77 K) are attainable when using a low 

temperature liquid such as helium. Much lower temperatures 

are possible if additional stages are added to the cold head. 

The cryogenic system in use (Cryodynet model 22C) is a two 

stage type with the second stage cold station merely allowing 

for further expansion (and therefore additional cooling) of 

the working fluid (see Fig. 3.3). With a heat load of 1.0 W 

applied to the second-stage cold station, temperatures near 

tCTI-Cryogenics, 266 Second Avenue, Waltham, 
Massachusetts, 02254-9171 
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16 K are possible. [16] 

Fig. 3.2 is a diagram of the components and 

interconnections of the complete closed-cycle helium 

refrigeration system. The roughing system indicated is merely 

a vacuum pump which is used to place the chamber housing the 

cold head in a "rough" state of vacuum. This prevents 

condensation from forming inside the chamber at the very low 

temperature of operation of the cold head. It also provides 

a layer of insulation between the cold head and the 

surrounding lab environment to lessen the heat load placed on 

the cold head. The vacuum pump used is a Sargent-Welcht model 

8806 with a free air displacement of 50 //min. which can 

produce a vacuum of <6 x 10-4 Torr [17]. The vacuum gauge is 

a Convectron model 275 from Granville-Phillips.t The vacuum 

gauge transducer is basically a Pirani gauge with a Pirani 

sensing element as one leg of a Wheatstone bridge allowing a 

useful measuring range of 1 x 10-3 Torr to 1000 Torr. [18] 

3.4.2 Temperature Regulation 

The cryogenic system described in the previous section 

can only allow operation at the lowest temperature that the 

tSargent-Welch Scientific Co., 7300 N. Linder Avenue, 
Skokie, Illinois, 60077 

tGranville-Phillips Co., 5675 E. Arapahoe Avenue, 
Boulder, Colorado 80303, USA 
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Fig. 3.2 Component interconnection diagram for the closed-
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refrigeration system can reach. In as much as the intent was 

to study device characteristics over a range of temperatures, 

a temperature control system was required. Heater coils have 

been incorporated into both the second-stage cold station as 

well as the hot-stage which extends beyond the second-stage 

(see Fig. 3.3) and provides the necessary heat input for high 

temperature operation above 250 K. The hot-stage is in the 

closest proximity to the DUT. To provide for more stable 

operation, the hot-stage is connected to the cold head second-

stage by means of sapphire rods. Sapphire provides a high 

thermal conductivity at low temperatures to allow for strong 

thermal coupling between the refrigerator and the DUT and low 

thermal conductivity at high temperatures so that the hot-

stage and DUT are decoupled from the refrigeration unit. 

Decoupling of the stages is required to prevent possible 

damage to the cold head and is generally complete at -200 K. 

Electrical power supplied to these heaters allowed stable 

temperature operation over a broad range of temperatures. The 

high power heater used in the hot-stage allows operation of 

the cryostat at temperatures as high as 573 K. [16] The 

heater wire is 32 gauge manganin insulated by H-formvar with 

a nominal resistance of 25 ohms at room temperature. 

The temperature controller itself is a PID controller 

which uses a control loop to determine the electrical power 

output to the heater (only one of the two heaters can be 
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connected to the controller at any time). The controller is 

the T-2000 Cryo Controller which was manufactured by T-R-I 

Research.t Control loop parameters and selected temperature 

setpoint may be entered from the front panel keypad. The 

keypad also allows for the selection of one of two temperature 

sensors which gives the controller the temperature information 

required by the control loop. Both sensors are platinum 

resistive temperature devices (RTDs) model PR-100 from 

CryoCal.t The sensors operate over a broad temperature range 

from 20 K to over 873 K and conform to a DIN standard 

temperature curve to 0.1% at 0°C. (16) 

Finally, temperature at the DUT itself is measured using 

a chromel-alumel thermocouple which is connected to an 

Omega" microcomputer thermometer model HH-71 Kl. This 

technique ensures that the recorded device temperatures are 

more accurate (±1°C) than they would be if the RTDs were used. 

This prevents errors due to the inevitable temperature 

gradient which exists between the sample point and the nearest 

RTD when the cryostat is being operated. 

tT-R-I Research Inc., 2303 Wycliff Street, #2W, St. Paul, 
Minnesota 55114, USA 

*CryoCal Inc., 2457 University Avenue, St. Paul, 
Minnesota 55114, USA 

ttOmega Engineering Inc., One Omega Drive, Stamford, 
Connecticut 06907-0047, USA 
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3.5 LIGHT SOURCE [19] 

Light is supplied to the APD through a four-part system 

which is shown in Fig. 3.4. A quartz tungsten halogen (QTH) 

FILTER WHEEL 

CONDENSOR 

IF 
TUNGSTEN-HALOGEN LIGHT SOURCE 

Fig. 3.4 Diagram of the tungsten-halogen light source, 

condensing lens, interference filter wheel, and 

focusing lens, 

light source produces white light which is then passed through 

a condenser which creates a collimated light beam. An 

interference filter is used to select light of a specific 

wavelength which is then concentrated by a focusing lens. 
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Fig. 3.5 Detailed drawing of the tungsten-halogen lamp 
housing and condenser.(19) 

Fig. 3.5 shows the details of the Orielt model 68184 lamp 

housing. Light from a 250 W QTH lamp is focused by an 

adjustable rear reflector and is then collimated by a two 

element ultraviolet grade fused silica condenser lens. The 

tOriel Corp., 250 Long Beach Boulevard, Stratford, 
Connecticut 06497-0872, USA 
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combination of the QTH lamp and the fused silica condenser 

provide a useful spectral range of 250 - 2500 nm covering 

ultraviolet to infrared wavelengths. Power was supplied to 

the lamp using a Harrison 6274A dc power supplyt with a 

variable output from 0 - 60 V and 0 - 15 A. 

The interference filters were mounted in an Oriel model 

2871 eight bay filter wheel which allowed simple selection and 

changeover of wavelengths. Filters in the visible as well as 

infrared range were available. The particular filters used 

for experiments for this thesis had center wavelengths of 850, 

1200, 1310, 1700, and 2000 nm with half power bandwidths of 30 

nm or less. 

The focusing lens was used merely to provide additional 

light intensity on the APD which allowed the QTH lamp to 

operate at less than full power. 

3.6 NOISE MEASUREMENTS 

The noise measurements were undertaken without the 

influence of any ac signal. The fluctuation in the dc current 

flowing through the APDs was measured. The dc photocurrents 

were enabled through a dc reverse bias on the devices and an 

tHewlett-Packard Co., 3200 Hiliview Avenue,Palo 
Alto,California 94304, USA 
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incident dc light. Since a low noise power supply was used 

for the bias (see section 3.3.2), noise from the bias circuit 

was assumed negligible. The light source was powered by a dc 

power supply, and therefore, the light was assumed to be free 

from fluctuations. Also, the current preamplifier input noise 

had to be sufficiently lower than the device noise so that it 

could be safely ignored. Device noise was generally 10 or 

more times greater than the preamplifier noise. By following 

this rule, the preamplifier noise had less than a one percent 

effect on the device noise since the addition of the two noise 

sources was on the basis of their powers rather than current. 

With these assumptions in mind, the noise measured by the 

system was considered to originate in the DUTs themselves. 

There are basically two components in the noise 

measurement system. A battery powered low noise current 

amplifier is the front-end which passes the signal on to the 

lock-in amplifier which is the heart of the measurement 

system. 

3.6.1 Current Preamplifier [20] 

The current preamplifier was an Ithacot model 564. The 

564 converts an ac or dc current into a voltage output with 

tIthaco Inc., 735 W. Clinton Street, Ithaca, New York 
14851-6437, USA 
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Fig. 3.6 Simplified schematic diagram of the current 
preamplifier.[20] 

overall gains ranging from 104 to 1010 V/A. It consists of an 

input current converter stage with gain switchable from 104 to 

108 V/A followed by an output voltage buffer switchable 

between X1 and X100 gain (see Fig. 3.6). This allows 

operation in a high speed (but noisier) mode or a lower 

bandwidth mode with near-theoretical noise performance. The 

two stages are switchable for either ac or dc coupling. 

Throughout the thesis work, the amplifier was switched to dc 

coupling and X1 gain on the voltage amplifier for lowest noise 

performance. 

The 564 operates with an input virtual ground to mitigate 

the effects of source and cabling shunt capacitance and to 

prevent loading effects on non-linear input devices such as 

the photodiodes tested in this work. Noise performance 
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Table 3.1 Current preamplifier specifications.(20] 

RANGE 
(Low Noise) A/V 

Full Scale 
Input 

30 
Frequency 

Open Circuit 
Input Noise 
@ 1 kHz 

104 100 nA 3 kHz 1.3 X 10-14
10-7 1 µA 20 kHz 4.1 X 10-'4
10-6 10µA 150 kHz 1.3 X 10'9. 
10 100 µA _ 200 kHz 6 X 10-'3
10-'4 1 mA 250 kHz 4 X 10-' 2

RANGE 
(High Speed) A/V 

1040 1 nA 3 kHz 1.3 X 1044
10-9 10 nA 20 kHz 4.1 X 1044
10 100 nA 150 kHz 1.3 X 10-'3
10-7 1µA 200 kHz 5 X 1043
10-6 10µA 250 kHz 3 X 10-12

characteristics and other specifications of the Ithaco 564 

current preamplifier are given in Table 3.1. 

Connection between the preamplifier and the DUT was made 

via a male-to-male connector which allowed the preamplifier to 

be attached directly to the BNC input on the cryostat without 

the need for a cable. The connection to the LIA from the 

output of the preamplifier was made with standard RG-58 50 SZ 

coaxial cable. 
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To prevent possible outside noise pickup, the 

preamplifier was powered by an external battery unit. The 

batteries were a sealed lead-acid types with two 6 V and two 

12 V units connected in series providing the required ±18 Vdc. 

The batteries were housed in a shielded metal enclosure, and 

the power connections to the preamplifier were provided by a 

shielded cable. 

3.6.2 Lock-In Amplifier System [21] 

The lock-in amplifier system (LIA) includes a remote 

electronics module, a plug-in board for a microcomputer, an 

external reference frequency source, and a microcomputer using 

specialized software to run the system. All these components 

will be discussed in that order and will be considered as sub-

systems of the overall measurement system which is based on 

the lock-in amplifier. 

The Ithaco model 3981 PC lock-in amplifier has been 

integrated into the measurement system. The 3981 LIA is a 

highly sensitive, highly selective ac voltmeter that can 

extract a signal magnitude measurement from a noisy, 

interference ridden background. The LIA may also function as 

an ac current meter, phase meter, integrating dc voltmeter, 

ratiometer, and spot random noise meter. Naturally, for this 

tPower-Sonic Corp., Redwood City, California, USA 
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thesis the LIA has been used as a spot noise meter. 
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Fig. 3.7 Simplified lock-in amplifier block diagram.[21] 

Working on the principle of synchronous rectification, 

the LIA responds to a single frequency component present at 

the signal input. This measurement frequency, which may range 

from 10 Hz to 10 kHz, is determined by a second, synchronizing 

waveform coherent with the signal frequency known as the 

reference input. As shown in Fig. 3.7, the overall process 

converts a "dirty" ac signal into a relatively smooth dc 

output which is proportional to the rms sinusoidal fundamental 

component of the input. The LIA rejects dc offsets, 

incoherent frequency components, higher harmonics, sub-

harmonics, broadband random noise, and incoherent discrete 

frequency interference. 

The LIA behaves as if it were a narrow bandpass filter 

followed by an rms voltmeter which rectifies the "purified" 
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sinusoidal signal to a smooth dc output. Unfortunately, such 

a straightforward circuit arrangement would not work for two 

reasons. First, a practical bandpass filter can only achieve 

a selectivity factor Q on the order of 100 or so and this 

cannot adequately suppress high levels of interference. 

Second, the center frequency would somehow have to be tuned to 

the signal frequency to within a fraction of one percent to 

achieve acceptable accuracy. Such tuning would be very 

difficult at low frequencies or in the presence of large 

amounts of noise. A slight mistuning or drift would cause a 

gross error. [22] 

The lock-in amplifier solves these two problems by 

reversing the order of signal processing; first rectifying, 

then filtering. The LIA must receive a second input coherent 

with the frequency of interest in order to operate. This 

reference input, Fr, establishes the frequency to which the 

instrument responds. The lock-in applies the signal and 

reference to a synchronous rectifier referred to as the phase 

sensitive detector (PSD) which acts as a frequency mixer. The 

PSD downshifts the signal input spectrum by exactly Fr causing 

the frequency of interest to appear as a pure dc output level. 

All other components appear as filterable ac fluctuations at 

the PSD output. They can be removed by a simple and utterly 

stable RC lowpass bandlimiting filter, the time constant T of 

which can be made nearly arbitrarily long. 
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Taking the view of the LIA as a "black box", the overall 

filtering effect of having a PSD followed by a low pass filter 

is identical to having a tuned amplifier followed by a 

rectifier. The equivalent noise bandwidth (B), however, can 

be made exceedingly small. B = 1/(8T) so that T = 3 s 

corresponds to 0.04 Hz for example. (The maximum available 

setting for T in the 3981 LIA system is 3 s.) At a reference 

frequency of 10 kHz, this yields a Q of nearly a quarter 

million. The equivalent passband remains precisely locked to 

the reference input. As the signal and reference vary 

together, the tracking characteristic of the PSD keeps the 

effective center frequency absolutely aligned with the signal 

frequency, hence the term "lock-in amplifier". 

In general, the phase of the reference input will not be 

aligned with that of the signal input. As its name implies, 

the phase sensitive detector output decreases as the phase 

relationship of its inputs deviates from zero degrees 

(proportional to cos0). The phase control of the LIA shifts 

the phase angle of the reference to maximize the dc output 

level and obtain a true reading. 

The 3981 LIA digitizes the dc output for analysis, 

display, and storage of data by the host computer. The dc 

output can also be used directly. 
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The degree of dc output smoothing and therefore 

measurement reproducibility depends on the setting of the LIA 

time constant function. This setting establishes a signal 

bandwidth centered upon the measurement frequency. This 

passband, which is inversely proportional to the time 

constant, filters out discrete frequency and random noise 

interference. The higher the level of interference and the 

shorter the time constant, the greater will be the unwanted dc 

output fluctuation. The output uncertainty will be the 

unwanted dc output fluctuation. The output uncertainty will 

decrease if one imposes a longer time constant but at the 

expense of a slower response time. Thus the LIA user always 

faces an accuracy versus measurement speed tradeoff decision. 

The Ithaco model 3981 PC LIA consists of three components 

(Fig. 3.8). The main board, model 3981B, plugs into any IBM 

PC-AT or compatible computer with math coprocessor. The 

remote signal input module, model 3981A, contains the current 

preamp and programmable voltage input amplifier plus BNC 

connectors for the two PSD outputs and the two ADC dc inputs. 

The front and rear panels of the 3981A remote I/O module are 

shown in Fig. 3.9. The 3m interconnecting cable, model 3981C, 

extends from the rear of the main board to the external I/O 

module. This arrangement minimizes pickup of microprocessor 

switching noise by the sensitive input amplifiers. It also 

permits the input amplifier to be placed near the signal 
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Fig. 3.8 Lock-in amplifier system components. 
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source providing significant reductions in ground loops, 

external interference pickup, and cable capacitance problems. 

The reference input connects directly to the main board to 

prevent synchronous crosstalk difficulties. [21] 

The 3981 LIA cannot function as a stand-alone unit. All 

control functions, except for three switches on the I/O 

module, are programmed from the host computer. The PC 

acquires data from the LIA using Ithaco MS-DOS based driver 

software. This driver can be accessed by user programs 

written in most MS-DOS based languages. The driver is also 

accessed extensively by the Ithaco supplied user program to 

acquire and display status and data. 

QUADRATURE 

Y=MSIN0 0 

X = M COS 0 
IN PHASE 

Fig. 3.10 Dual phase lock-in amplifier vector diagram.[21] 

The model 3981 LIA operates as a two phase instrument. 

That is, it produces two dc outputs, X=Mcos4 and Y=Msin4 shown 

in Fig. 3.10 which are proportional respectively to the signal 

components in-phase and in-quadrature with the reference 

input. (Phase zero is defined as the positive-going zero 
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crossing of the mean value of the reference ac input 

waveform.) This allows the software driver to compute a phase 

independent magnitude (vector sum), M = VX2 + Y2 , and also the 

phase of the signal relative to the reference input, 0 = 

ARCTAN (Y/X). 

The 3981 LIA can make measurements in the presence of 

interference up to 320 times larger than the signal of 

interest (50 dB dynamic reserve, rms sine wave to rms sine 

wave basis). This is adequate for all cases of signal being 

buried in random noise, and for most cases involving signal 

mixed with discrete frequency components. 

F 
I - IN V - IN 

CURRENT VOLTAGE PREAMP AMP 
3981A EXT I/O MODULE 

Y-PSD -ADC  OUT  f 

PHASE 0  F- C> "  SENSITIVE I LOWPASS mNE93 DETECTORS FILTERS  XI - XIO AMPS 
9V PHASE LOCKED LOOP 

PHASE SHIFTER 
REF IN 

F/2F 
X-PSD OUT IX-ADC IN 

PC-BUS INTERFACE 

VOLTAGE TO FREQUENCY 

-a-44 COUNTERS 
3981B MAIN BOARD It TO IBM PC 

Fig. 3.11 3981 LIA system block diagram.[21] 

The heart of a LIA is its phase sensitive detector (PSD), 

also referred to as a synchronous rectifier, multiplier, 
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mixer, or frequency shifter. Common PSD designs make use of 

a polarity switching type of circuit which, while highly 

accurate, suffers from the unfortunate characteristic of 

responding to odd harmonics of the frequency of interest as 

well as the fundamental. This problem requires complex and 

expensive circuitry such as heterodyning or tuned ac input 

amplifiers to circumvent the problem. On the other hand, the 

3981 LIA employs a 16 step sine wave approximation type of PSD 

which renders it insensitive to all harmonics below the 15th. 

This dispenses the need for complex circuitry and the 

associated cost and/or operational difficulties. Fig. 3.11 

gives the block diagram of the complete 3981 LIA system. 

Noise figure contours, self noise, and other 

specifications for the 3981 LIA can be found in Appendix A. 

3.6.3 Lock-In Amplifier Software 

The user program 3981.EXE allows the simultaneous 

operation of up to four model 3981 PC LIAs (although only one 

has been used for this project) using the PC keyboard to enter 

control commands and the CRT monitor to display status and 

data. Once the software driver has been installed, one may 

operate the LIA in a fashion similar to that of a conventional 

stand-alone instrument. Control of the LIA is provided 

through the use of a "virtual" front panel. All LIA controls 



53 

are available through the panel which has two modes: single 

board and multiple boards. In single board mode, the virtual 

front panel controls any single board in the system. In 

multiple board mode, all boards are displayed, though the 

controls are configured such that commands can be sent to any 

single board or all boards in the system. Only one LIA board 

was used in the system for this work, and the single board 

mode was used exclusively. 

The application program provides simple menu driven 

access to LIA controls. In addition, the program allows 

system configurations to be saved to disk for future use. 

Thus when the board has been configured through the use of the 

virtual panel mode, the configurations and a short description 

can be saved. 

A display mode is also provided by which up to five data 

values may be shown. Any data shown by the virtual panel mode 

can be scrolled onto the screen using this feature. The data 

items appear with the most'recently updated value of each at 

the top of a column and with past values scrolling below. 

This accommodates both rapidly changing data and slowly 

changing data, for example the most recent sample and the 

average of n such samples, showing both present readings and 

past history in a compact format. 
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The integration command parameter I establishes the time 

t, chosen for the integration of a single ADC sample. Thus it 

sets the update rate for current measured data. The default 

setting for sampling basis on the 3981 LIA is 120 per second 

which is intended for 60 Hz line frequency rejection. As a 

result, t, equals 1/120 seconds. 

The averaging command parameter N establishes the number 

of samples to be taken to calculate a mean value. In this 

manner, it sets the update rate for averaged data, tm = N x t, 

seconds. This averaging interval also provides the data for 

updating the standard deviation, error band, and noise 

outputs. 

It is possible to select a time constant which is long in 

comparison to the sampling interval t,. This situation can 

lead to statistical oversampling which means that the 

effective number of samples being averaged or being used in 

statistical calculations is less than the actual number N. 

The "Equivalent # of Samples" readout shows how many 

effectively uncorrelated samples are actually possible in the 

interval tm. It is this value that the 3981 LIA uses to 

perform statistical calculations and not the averaging 

parameter N. 

Sensitivity and dynamic range together determine the ac 
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signal level which will produce a full scale output. The ac 

input amplifier gains of 1000, 100, 10, and 1 can be selected 

by the sensitivity parameter while the dynamic range switches 

the dc output amplifier between relative gains of 10 (high 

dynamic range) and 1 (low dynamic range). Generally, low 

dynamic range should be used since it has a ten times more 

stable output baseline than the high dynamic range mode. The 

overall sensitivity should be selected to maintain the peak 

output between 10 and 100 percent of full scale. If high 

levels of input interference are present, then the high 

dynamic range must be used. The high dynamic range mode can 

tolerate ten times as much input interference as the low 

dynamic range. 

The time constant parameter allows low-pass filtering of 

fluctuations in the dc output of the LIA. As an absolute 

minimum, this parameter must be set long enough to prevent 

output overload indications. It may be further increased to 

reduce output fluctuations and thereby achieve an acceptably 

small error band on measured quantities. The data smoothing 

process can also be completed by reducing the data acquisition 

rate of the integrating ADC. The filtering effect of the time 

constant affects the ripple seen at the X and Y PSD dc 

outputs, whereas the data sampling rate does not. 

The time interval between successive sampling and 
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updating of acquired measurements is equal to the length of 

one analog-to-digital conversion cycle. This integration 

interval is programmable on the order of 0.01 seconds to 10 

minutes. If one is observing system output on the CRT monitor 

through the virtual panel, there is no point setting the 

sampling rate parameter faster than the screen rate of four 

per second. Excess samples taken between display updates 

would be discarded. A sampling interval of at least one 

quarter second also yields the full 16 bit resolution of the 

system. Faster sampling degrades the resolution due to the 

least significant bit quantization error of the ADC process 

(in direct proportion to the acquisition rate). 

Since each sample taken by the ADC represents the 

integral of the dc output obtained over the time interval 

since the previous sample, decreasing the sampling rate has an 

effect quite analogous to increasing the time constant. As a 

general rule, it is preferable to use a short time constant 

and then adjust the length of the ADC integration to control 

the degree of output smoothing. There are two principle 

reasons for this. First, a faster output settling time is 

achieved for a given degree of output reproducibility (about 

2:1 better than allowing the time constant to dominate). 

Second, a quasi-continuous choice for the overall effective 

amount of data smoothing (per sample bandwidth) becomes 

available. This allows optimization of the speed-accuracy 
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tradeoff. However, long time constants may have to be used to 

reduce the effect of discrete frequency interference. 

Averaging a number of iterations is equivalent to 

integrating over the entire time interval over which the data 

was accumulated. Accordingly, one may choose to divide the 

time to obtain a sample by integration into a large number of 

sub intervals by making use of the 3981 LIA averaging mode of 

operation. For example, one might decide to average 100 

samples of 10 millisecond duration rather than making a single 

one second ADC conversion. 

Assuming that a relatively short time constant is in 

.effect, this approach will often yield a significant bonus. 

The LIA software will accumulate statistical data on the 

output fluctuations. This allows the calculation of error 

bands which are derived simultaneously along with each signal 

measurement. 

The software driver automatically performs the necessary 

calculations. The user program employs this capability to 

make available a percentage error band (±1 standard deviation 

basis) on averaged data. Some bandwidth and sampling rate 

considerations must be accounted for to deduce the number of 

statistically uncorrelated, equivalent samples involved in the 

averaging process. The virtual panel mode reports this number 
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to the user. 

The noise measurement returned by the software driver 

represents the spectral density of random noise present at the 

input of the 3981 remote module voltage or current input. The 

value equals the amount of noise contained in a 1 Hz bandwidth 

centered on the frequency of the reference input. Stepping 

the frequency yields a noise spectral density profile. The 

noise measurement is independent of signal measurement. Noise 

may be measured with no signal present, or both signal and 

noise may be measured simultaneously. 

The software driver calculates noise from the observed 

statistical fluctuation in output samples and the known per 

sample equivalent noise bandwidth. The driver also calculates 

the uncertainty of the noise reading based on the limited 

number of samples from which it was obtained. Generally, the 

in-phase and quadrature components of the noise in a dual 

phase lock-in are uncorrelated. Thus the software driver 

combines the noise data from the X and Y channels to halve the 

measurement time for a given accuracy. 

The per-sample bandwidth (BWS) should be set to three to 

ten times narrower than the measurement frequency. This is to 

prevent problems from discrete frequency input interference 

ripple. On the other hand, one wants to keep the bandwidth as 
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wide as possible to reduce the measurement time. Thus a 

tradeoff must be determined for speed versus accuracy. 

3.7 CALIBRATION 

In this section, details of the system configurations 

used for various measurements will be discussed. The system 

noise floor will be verified, and the limits of resolution of 

the measurement technique will be examined. The method of 

determining device noise from the noise measured by the system 

will also be given. 

3.7.1 System Configuration 

Starting at the system front end, the preamplifier 

configurations must be set manually. Throughout the 

measurements, dc coupling was used at the input to the 

preamplifier. The low noise range of gains was used 

exclusively. The gain was set between 104 to 108 V/A depending 

on the level of dc current appearing at the input. Overload 

conditions (i.e. amplifier saturation) were indicated by an 

LED warning which assisted in the determination of the maximum 

allowable preamplifier gain. 

In combination with preamplifier gain, the LIA settings 

of sensitivity and dynamic range determine whether the LIA 
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will be overloaded. Sensitivity sets the ac input amplifier 

gain to 1000, 100, 10, or 1, and the dynamic range sets the dc 

output amplifier to either 10 (high dynamic range) or 1 (low 

dynamic range). The full scale output level is determined by 

the combination of sensitivity and dynamic range. Low dynamic 

range was used throughout the course of the measurements. The 

sensitivity was selected by finding the minimum range (maximum 

amplifier gain) that would not produce an overload indication 

on the virtual panel display. 

For the entirety of the noise measurements, the lock-in 

time constant, integration, and sampling parameters remained 

unchanged. A time constant of 300 ms was used to reduce 

discrete frequency interference by establishing a PSD output 

bandwidth of 0.83 Hz. The integration parameter (I) was set 

to 80 for an integration time of 0.67 s. As a result, the 

voltage to frequency converter bandwidth was maintained at 

0.75 Hz, and the per-sample bandwidth was 0.45 Hz. An 

averaging number (N) of 100 was selected so as to set the 

bandwidth of the average to 0.0075 Hz. 

The above parameters established not only the bandwidths 

outlined, but also the level of reproducibility of the 

measurements. The selection of I-parameter of the same order 

as the time constant led to statistical oversampling. The 

user software for the 3981 LIA automatically calculated the 
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equivalent number of samples and displayed this on the virtual 

front panel. Since the LIA was a dual-phase instrument and 

the in-phase and quadrature components were essentially 

uncorrelated, the software used the equivalent number of dual 

samples in the calculations (21). The number of dual samples 

was 169.36 for the measurements undertaken. This number 

indicates the oversampling since it is less than 2N. 

According to the user software, there was less than a 5.3 

percent chance of the measured noise value lying outside the 

range of ±a of the true value. 

The noise measurements were recorded manually from the 

readings given by the virtual front panel display provided by 

the LIA software. Since the LIA was measuring voltage noise 

at its input, the operator of the system was required to 

convert this voltage noise into the appropriate current noise 

appearing at the input to the preamplifier by using the gain 

factor of the preamplifier. 

The reference frequency used to determine the noise level 

for excess noise factor calculations was 1 kHz. This 

frequency was used because it was generally determined to be 

in the flat band portion of the noise spectra of both the 

devices and the measurement system (see Figs. 3.12, 3.13 and 

data, chapter 4). For the purpose of obtaining noise spectra, 

spot noise readings were taken over the full allowable range 
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of the LIA which was 10 Hz to 10 Khz. 

3.7.2 System Characterization 

Three tests were performed to verify the noise 

performance of the measurement system. The LIA voltage noise 

floor, the preamplifier current noise floor, and the current 

noise produced by a 1 Ma resistor were measured over a range 

of frequencies. The noise measurements in each case were 

obtained by the LIA system and recorded through the virtual 

front panel of the 3981 user software. In all three cases, 

the LIA settings were those outlined in the previous section. 

Fig. 3.12 shows the voltage noise floor of the LIA. The 

sensitivity of the LIA was set to 100 µV. As the noise 

spectrum shows, the self noise of the LIA is flat beyond about 

200 Hz and is less than 34 nV/iHz. This was in good agreement 

with the manufacturer's specification of self noise versus 

frequency given in Fig. 6 in Appendix A. 

The noise spectrum of the preamplifier is given in Fig. 

3.13. The gain of the preamplifier was set to the low noise 

range at a level of 108 V/A. This result was very similar to 

the specifications supplied by the manufacturer and given in 

Table 3.1 as well as Fig. 1 in Appendix A. The input noise of 

the preamplifier as shown in Fig. 3.13 was approximately 13 



63 

N
o

is
e

 V
o

lta
g

e
 (

n
V

b
rH

z
) 

80 

60 

40 

20 

0 

1 1 1 1 1 1 111 1 1 T 1 1 FTT1 1 1- 1 I 1 1111 T 1 1 1 1 1111 1 1 1 1 1 111 

v 

V V V 
v V 

v 

1 1 1 1 1 1111 1 1 1 1 1 1111 1 1 I. 1 1 1 111 1 1 1 1 1111 1 1 1 1 111 

1 10 100 1000 10000 100000 

Frequency (Hz) 

Fig. 3.12 Noise spectrum of the 3981 LIA with the input 
shorted to ground. 



64 

N
o

is
e

 C
u
rr

e
n
t 

(f
A

/z
) 

20 

15 

10 

5 

0 

,.-

V V 

V V VS7 V  V V

1 1 1 1 1 1111 

v 

V 

1 1 1 1 1 ill 1 1 1 1 1 1111 1 I L' mil 1 1 1 1 1 1 11 

1 10 100 1000 10000 100000 

Frequency (Hz) 

Fig. 3.13 Noise spectrum of the current preamplifier with the 
input open and the gain set to 10' A/V. 



65 
N

oi
se

 C
u
rr

e
n
t 

(f
A

H
R

-i
) 

150 

100 

50 

0 

H 

1 11 1 1111 T T 1 1 1 T111 1 T T frTITT U 1 U T 1 T 1 1 I I I 1 1 1 111 

Theoretical - 

V Resistor V v 
V V V v Noise 

I 1 1 1 1111 I 1 1 1 1111 1 1 1 1 1111 

v 

v 

I 1 1 1 11111 1 11 1 111 11 

1 10 100 1000 10000 100000 

Frequency (Hz) 

Fig. 3.14 Noise spectrum produced by a 1 1O, resistor. 



66 
N

oi
se

 C
u
rr

e
n
t 

(f
A

/i
F

li
) 

150 

100 

50 

0 

I 1 1 1 1111 I I II TTI71 I j I I 1111 -I 1 T 1 1 1111 I I 1 1 1 

Theoretical 
 C7 

C7 v 
Resistor C7 

V V 0 C7 Noise 
C7 

I I. 1 1 1 1 111 1 I 1 1 1 1111 I I 1 1 1111 

V 

I 1 I 1 1 1 111 I I 1 1 1 1 11 

1 10 100 1000 10000 100000 

Frequency (Hz) 

Fig. 3.15 Noise from a 1 MQ resistor without subtracting the 
noise of the measurement system. 



67 

fA/VHz from 40 Hz to 2 kHz. This result would suggest that 

device noise above 130 fA/VHz should be easily resolvable. 

Fig. 3.14 gives the noise spectrum obtained by the 

preamplifier and LIA working together when a 1 142 precision 

metal film resistor was connected across the preamplifier 

input. The preamplifier gain was set to 108 V/A for this 

test. The spectrum obtained shows that below about 5 kHz the 

system was able to resolve the noise from a 1 MO resistor with 

an error of about 6.3 percent. The noise graphed in Fig. 3.15 

does not have the noise of the preamplifier removed. The 

difference between the two graphs is virtually imperceptible. 

This furthers the assumption that the system should resolve 

noise at a level 10 times greater than the self noise of the 

system since the preamplifier noise was 13 fA/VHz. 

3.8 CONCLUSION 

In this chapter, a measurement system for characterizing 

the device noise of avalanche photodiodes over a large 

temperature range (greater than the storage range of the 

devices) was described. Details of the operation of the 

various subsystems as well as the performance of the 

measurement apparatus were outlined. A cryogenic system 

allowing device characterization over a broad range of 

temperatures was developed and has been discussed here. The 
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use of the lock-in amplifier technique for carrying out noise 

measurements has been addressed, and the advantages of that 

method have been examined. The procedure for obtaining noise 

measurements for avalanche photodiodes has been discussed in 

detail. 



4. RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

The previous chapter has described the liquid helium 

cryostat system with the temperature control and lock-in 

amplifier-based low noise measurement systems used for this 

work. This chapter presents some of the experimental results 

obtained on three different commercially available avalanche 

photodiodes. The avalanche photodiodes (APDs) differed in 

their material composition: one was indium-gallium-arsenide 

(InGaAs), one silicon (Si), and one was germanium (Ge). 

Electrical noise has been measured in these devices because it 

represents a limit on the performance of the devices, and this 

limit is especially important for detectors sensitive to light 

wavelengths used in communications systems as is the case for 

both InGaAs and Ge. The study of the Si APD has been included 

because it is still important for some multimode fiber systems 

over short distances. Furthermore, the study of excess noise 

in the APD allows the ratio of the impact ionization 

coefficients of electrons and holes to be studied. 

4.2 I-V CHARACTERISTICS 

The first test which was performed on any device was 

usually the I-V characteristic. The object of this test was 

69 
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to determine whether the device was operating correctly as 

well as to obtain the bias voltage which produced only primary 

photocurrent. In other words, the M=1 level for the 

photodiode was determined from its I-V curve. 

Fig. 4.1 shows the photocurrent (in the microampere 

range) as a function of the reverse bias voltage applied to a 

Si APD. The illumination of the Si APD was at 850nm because 

this wavelength provides the peak responsivity in Si [23]. 

The I-V characteristic for Si shown in Fig. 4.1 was obtained 

at room temperature (293K). The range of voltages where no 

multiplication or M=1 was assumed is indicated in the figure. 

At higher voltages, the multiplication was determined by 

taking the ratio of the photocurrent at that level to the 

photocurrent at the M=1 level. More exactly, the 

multiplications which were calculated using the defined M=1 

level were for the photocurrent and exclusive of the dark 

current. The photocurrent multiplication, Mph, was therefore 

defined in the following manner: 

M ph 

I_h IL -I, 
"

I ph. 

(4.1) 

where Mph is the multiplication in photocurrent, Iph and /d are 

the photocurrent (or current due to illumination only) and 

dark current respectively at a given bias condition while IL

is their sum, and /pho, /do, and /4 are the photocurrent, dark 
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current, and their sum at the M=1 bias voltage. The subscript 

"ph" was normally omitted for M as it was always assumed to 

refer to the photocurrent only unless otherwise indicated. 

Fig. 4.2 gives the I-V characteristic for a Ge APD. The 

test for Ge was again performed at room temperature using 

850nm illumination. 850nm is not the peak in the response 

curve for Ge but it is well within its useful range [24]. The 

range of voltages which were assumed for M=1 for Ge is 

indicated in the figure. As before, photocurrent is given in 

the microampere range. It should be noted that at low bias 

voltages (e.g. < 3 V), the photocurrent drops sharply to zero 

because the electric field applied to the semiconductor 

material is insufficient to separate the photogenerated 

carriers and cause drift. 

Fig. 4.3 gives the photocurrent versus reverse bias 

voltage for an InGaAs APD. The test was performed at room 

temperature again but with illumination of 1550nm. This 

wavelength is well within the response range for InGaAs [25]. 

The range of voltages for M=1 in InGaAs is shown in the 

figure. It can be seen that a threshold voltage is required 

to produce a measurable photocurrent. The threshold voltage 

(-20V) is that which is required for the depletion region of 

the device to "reach-through" to the low concentration n 

region where photons are absorbed (see chapter 2). 
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4.3 NOISE STUDIES 

The second measurement which was performed on the 

photodiodes produced the noise versus frequency characteristic 

for the devices. The LIA-based noise measurement allowed spot 

noise readings to be taken at various frequencies over the 

frequency range 10 Hz to 10 kHz. The intent was not to study 

this dependence but to verify the frequency beyond which 1/f 

behaviour becomes insignificant. That is why noise spectra 

were only obtained at room temperature and one wavelength. 

Fig. 4.4 shows the frequency dependence of current noise 

in the Si APD for a wavelength of 850 nm and a temperature of 

293 K while M=100. The most important feature of this graph 

is that there is a considerable 1/f noise at the lower 

frequencies, particularly for frequencies below about 100 Hz. 

However, at approximately 100 Hz, the 1/f noise has become 

insignificant, and the flat-band portion of the curve extends 

out to 10 kHz. This indicates that excess noise measurements 

could be carried out at any frequency in the flat-band without 

the possibility of 1/f noise corrupting the results. 

Fig. 4.5 is the graph of the frequency dependence of the 

noise in a Ge APD. The study was performed at a temperature 

of 293 K and a wavelength of 1550 nm which corresponds to the 

peak response of Ge [24]. There are two curves, one for M=1 
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multiplication and one for M=7. The shapes of the curves for 

the two multiplication levels are similar. As with the Si 

APD, there is a high degree of 1/f fluctuation at the lower 

frequencies which reduces to an insignificant level at a 

frequency of about 200 Hz. 

The noise spectrum of the InGaAs APD is given in Fig. 

4.6. The test was carried out at a temperature of 293 K and 

a wavelength of 1310 nm which is very close to the peak 

response of InGaAs [25]. Again, two multiplications, M=1 and 

M=7, are represented on the graph. In both cases, there is a 

significant 1/f noise appearing at the lower frequencies. By 

about 200 Hz, the 1/f noise is insignificant in the M=1 case. 

However, for a multiplication of M=7, 1/f noise is still 

evident at frequencies as high as 2-3 kHz. This 1/f noise may 

have corrupted some of the results for the InGaAs APD. Fig. 

4.7 shows the extent of the 1/f noise for M=7 more clearly on 

a log scale. 

There are some characteristics of the noise spectra which 

are common to all three of the graphs which have been 

mentioned. The most obvious is that all three APDs suffer 

from a large amount of 1/f noise at very low frequencies. 

Although this 1/f behaviour is quite significant in itself, it 

was not the intention to study this type of noise when the 

experiment was designed simply due to the number of 
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measurements required to fully characterize 1/f noise. In 

fact, attempts were made to avoid the frequency regime where 

1/f noise was significant. With the exception of the M=7 case 

for InGaAs, 1 kHz was a "safe" frequency for spot noise 

measurements to be used for excess noise factor calculations. 

The 1/f noise in the InGaAs device at M=1 is clearly 

apparent. As the photocurrent is increased (e.g. M=7), both 

the 1/f noise and the excess noise increase, but the rise in 

the excess noise is stronger. This is the reason for the M=7 

case showing a spectrum which is not quite 1/f type: it 

contains an excess noise contribution. The observation of a 

strong 1/f noise characteristic in InGaAs has not been 

reported until now. 

For noise studies other than the spectra for the devices, 

a figure of merit known as the "excess noise factor" was 

determined. Excess noise factor was defined by the following 

equation: 

•
i n

F = 
TIMIT3 0 

(4.2) 

where F is the excess noise factor, in is the noise current in 

the device, e is the electronic charge, and B is the bandwidth 

of the measurement. F represents the excess noise over the 

normal shot noise including multiplication. F is a gauge 

factor for this excess noise. 
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Excess noise factor, F, was determined from Eqn. (4.2). 

The multiplication for each measurement was obtained in the 

manner previously outlined (Eqn. (4.1)), and in2 was merely the 

square of the noise current. It is important to emphasize 

that the noise current measured was the noise due to the 

photocurrent only. In every case, two measurements were taken: 

one with the light source illuminating the device and one 

without. The noise due to the dark current was always removed 

from the noise due to the photocurrent following the proper 

technique for independent noise sources of squaring and then 

subtracting the current noise power: = 
— 

i n!  Details 

of the noise current measurements have been given in chapter 

three. 

Fig. 4.8 summarizes the studies of the temperature 

dependences of the excess noise factors for the three devices. 

There is one set of data for the InGaAs APD at a high level of 

photocurrent (10,0=0.5 µA) showing an excess noise factor 

greater than 40. The excess noise versus temperature data is 

almost flat seemingly exhibiting a very slight temperature 

dependence or none at all The obvious observation of the 

data for InGaAs is that the noise factor is far too high. 

Other studies have shown that the excess noise factor for this 

device should be approximately 4 at room temperature [26]. A 

study which was performed on the InGaAs APD to determine the 



83 

E
xc

es
s 

N
oi

se
 F

a
ct

o
r 

(F
) 

50 

40 

30 

20 

10 

0 

I 

Si APD 

[ 1 

InGaAs APD v, 
1pho=0.5p,A 

"Ge APD 
I , 

1 

V  V 
V 

 fl ID El El 

InGaAs — low Ipho _ 

50 100 150 200 250 

Temperature (K) 

300 350 

Fig..4.8 Temperature dependence of excess noise factor in 
three APDs. 



84 

variation of excess noise factor with unmultiplied 

photocurrent (10 0 is given in Fig. 4.9. This variation of 

excess noise factor with photocurrent shows that the 

equivalent excess noise factor at very low values of 

photocurrent would be 5 for the InGaAs APD. Pearsall [27] has 

suggested that microplasmas or other disturbing effects may 

corrupt the data if higher values of Ipho are used. There is 

a line indicating the scaled-down value of F for InGaAs in 

Fig. 4.8 which is below the data for the Si and Ge devices 

which were tested. Photocurrent dependence of the noise 

current as shown in Fig. 4.8 has not been reported previously, 

and it shows an interesting effect which should be examined in 

a future study. 

Removing the original data for InGaAs allows Fig. 4.10 to 

show an expansion of the scale of the graph of excess noise 

factor shown in Fig. 4.8. This graph indicates that the 

InGaAs APD was slightly less noisy than Ge and much less noisy 

than Si. Si should be the least noisy device but appears 

noisier than the others due to the much higher multiplication 

of M=50 used for Si as opposed to M=7 for InGaAs and Ge. If 

the higher multiplication for Si is considered, the three 

devices rank as they should in terms of the noise they exhibit 

[26]. The data shown in Fig. 4.10 indicate almost complete 

temperature insensitivity for the excess noise factor in all 

three APDs. The work described below will indicate that the 
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ionization ratios (which were obtained from excess noise data) 

should therefore also show very little temperature dependence. 

Although no graphs will be presented here, excess noise 

factor generally did not vary with the wavelength of 

illumination for the three devices. The Si APD showed very 

little variation in excess noise factor over a range of 

wavelengths from 580 nm to 1100 nm. The excess noise in the 

Ge device was insensitive to variations in wavelength from 850 

nm to 1700 nm. For wavelengths between 1200 nm and 1700 nm, 

the InGaAs APD also exhibited little change in excess noise. 

Before describing the graphs of ionization ratio that 

follow, the .method by which it was obtained should be 

discussed. Ionization ratio is the relative ability of an 

electron versus a hole to ionize a lattice site in the 

photodiode material. In other words, k=p/a where k is the 

ionization ratio, and p and a are the ionization coefficients 

of electrons and holes respectively. The calculation of 

ionization ratio depends on the measured values of excess 

noise factor and multiplication factor as shown in the 

equation [28] 

k = 1 - 
1-F/M

777 • 
M • I 

(4.3) 
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Fig. 4.11 gives the temperature dependence of ionization 

ratio for the APDs. The results for Si showed a k of about 

0.1 through the temperature range 143 K to 323 K. This was 

consistent with the value of k between 0.01 and 0.2 which has 

been given in the literature [26]. The Ge APD exhibited an 

ionization ratio near 0.4 over a temperature range of 103 K to 

323 K. This result was better than the expected value for Ge 

which should have been nearer to unity [26]. The line shown 

for InGaAs indicated a k of 2.5 which has been calculated from 

the scaled down excess noise factor of 5 from Fig. 4.10. The 

keff for InGaAs should be the inverse of 2.5 (i.e. 0.4), but 

the standard form of k=13/a has been employed to keep it 

consistent with the results for Si and Ge. As explained in 

chapter 2, k is always assumed to be unity or less; that is, 

the ionization coefficient of the more strongly ionizing 

carrier appears in the denominator of the k equation. This 

minimizes the excess noise factor which would be calculated 

from the ionization ratio. 

The temperature dependences which have been given in Fig. 

4.11 indicated that the ionization ratio did not change 

through a large temperature range. Theoretical studies 

appearing in the literature have shown that the temperature 

dependence of ionization ratio is generally minimal [29]. The 

experimental data from the measurements taken for this thesis 

work and the published trend for Si have been given in Fig. 
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4.12 [29]. It is quite obvious that the experimental data for 

Si follow the theory very closely. 

Another parameter of much interest in photodetector 

circuits is the dependence of multiplication factor on 

temperature. Fig. 4.13 shows the sharp increase in 

multiplication which could be observed as the temperature was 

lowered. The trend is quite drastic when displayed on a 

linear graph such as Fig. 4.13. Fig. 4.14 uses a log-log 

scale to more clearly indicate the trend. This study was 

performed with the bias voltage applied to the device 

maintained at a constant level while sweeping through 

temperature. The bias level in the case of each APD was 

chosen so that the maximum current rating would not be 

exceeded at the low temperature end. The wavelengths were 

selected near the peak response for each photodiode. 

The increase in M at the lower temperatures can be easily 

explained by noting that the carrier mean free path increases 

as the temperature is reduced. This is the result of a 

reduction in the effectiveness of phonon scattering processes 

in the semiconductor. The ability of a vibrating lattice to 

scatter an electron or hole is reduced as its thermal energy 

is reduced. The effect is that if a carrier experiences less 

scattering events, it can be accelerated to a greater degree 

by the electric field and have a higher probability of 
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ionizing a lattice site. The end result is that the 

multiplication for a given applied bias will increase as the 

temperature is reduced. Amore basic and detailed analysis of 

this effect is given in Appendix B. 

4.3 SOURCES OF ERROR 

There were a number of easily identifiable sources of 

error in the experimental technique. These were not limited 

to the determination of noise itself, but include some other 

aspects of the procedure. These are discussed below. 

Generally, the time required to obtain a spot noise 

reading was about seven minutes. During this period, 

variations in a few parameters which were assumed constant 

could be noticed. First of all, slight fluctuations in 

temperature would have to be endured These probably had 

little effect in the case of either Si or InGaAs, but Ge is a 

material which exhibits a large dark current which is also 

highly temperature dependent [24]. Another variation which 

was observed was in the photocurrent. The time involved in 

gathering a noise reading made this drift unavoidable. The 

culprit was likely the quartz-tungsten halogen light source or 

the power supply from which it was operated. 

The most obvious source of error would be the noise 
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measurement itself. A finite measurement time for a random 

event necessarily implies a finite confidence in that 

measurement. The accuracy of the measurement for these 

studies has been discussed in the previous chapter. 

4.4 SUMMARY 

A number of noise studies have been performed on three 

avalanche photodiodes of different semiconductor compositions, 

namely Si, InGaAs, and Ge. The results of these studies have 

been presented. The hope is that some insight into the 

various dependences of noise in APDs can be achieved through 

this presentation. Both excess noise factor and the ratio of 

the ionization coefficients for electrons and holes were 

determined to be independent of temperature over the range of 

temperatures studied. Excess noise factor was also found to 

be independent of wavelength over the range of wavelengths 

used for that study. Values of ionization coefficient ratio 

agreed with theoretical values and those reported elsewhere 

[26-29]. The excess noise factors for the three devices were 

determined to rank in the order Si, InGaAs, Ge with Si 

exhibiting the lowest level of noise and Ge the highest. This 

order agrees with theory and previous studies [26]. The 

strong 1/f dependence of the noise in the InGaAs APD has not 

been previously reported in the literature. Therefore, this 

was an important observation in itself. This 1/f phenomenon 
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in InGaAs creates an opportunity for a completely new set of 

experiments to be undertaken. 



5. SUMMARY, CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

5.1 SUMMARY AND CONCLUSIONS 

An apparatus for studying the noise characteristics of 

various semiconductor devices as a function of temperature has 

been assembled. Light sensitive devices, such as the APDs 

tested for this thesis work, were irradiated at various 

infrared and visible light wavelengths using a variable 

intensity light source. The level of noise in the APD was then 

measured by a phase-sensitive detection system which was 

interfaced to a microcomputer. 

The excess noise produced by three different commercially 

available avalanche photodiodes has been experimentally 

examined and compared with theoretical predictions. The three 

diodes were silicon, germanium, and indium-gallium-arsenide of 

the type used in photometry and optical communications. The 

excess noise in these devices was examined both as a function 

of temperature and the wavelength of light used to photoexcite 

the devices. 

The first characteristic which was discovered with each 

device was a prominent 1/f type of noise at low frequencies 

(less than 1 kHz). An attempt was always made to avoid the 

frequency range where 1/f was found when performing excess 

97 
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noise measurements. The 1/5 noise was strongest in InGaAs and 

weakest in the Si APD. The strong 1/f behavior of the InGaAs 

photodiode has not been reported previously. 

Two basic conclusions can be drawn from this work: excess 

noise was independent of wavelength and excess noise was 

independent of temperature. The excess noise factor, F, in 

all three devices was determined to be independent of the 

wavelength of light over most of the photosensitivity spectrum 

of each individual device. The Si APD was found to exhibit no 

wavelength dependence over a range of wavelengths from 580 nm 

to 1100 nm. The Ge device was tested from 850 nm to 1100 nm 

with no notable F variation. InGaAs showed little change in 

excess noise from 1200 nm to 1700 nm. The determination was 

therefore made that the excess noise in the APDs was 

independent of wavelength. 

The excess noise in the APDs was found to be independent 

of temperature over the range of temperatures which were 

examined. For Si, this range extended from 143 K to 323 K. 

Ge showed relatively constant excess noise from 103 K to 323 

K whereas F was independent of temperature from 243 K to 323 

K for the InGaAs APD. As a result of these excess noise 

factor measurements, it can be concluded that the effective 

ionization ratio (i.e. electron ionization coefficient/hole 

ionization coefficient) for each material is independent of 
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temperature. 

The measured values of excess noise factor agreed well 

with presently accepted theoretical models for the avalanche 

photodiode. The ionization ratios which were calculated from 

the excess noise measurements agreed with independent 

ionization coefficient studies. 

Studies of multiplication factor showed it to be strongly 

temperature dependent. The multiplication factor produced by 

all three of the devices increased dramatically as the 

temperature was reduced. 

This work has contributed to the understanding of 

avalanche photodiodes which are an important element of 

optical communications systems and numerous other 

applications. Although the noise measurements in this work 

have been carried out at relatively low frequencies, the noise 

spectra of these devices are flat at the frequency used for 

the measurements which allows one to extrapolate the 

significance of the measurements to the higher frequencies 

used in optical communications. 

5.2 SUGGESTIONS FOR FURTHER WORK 

Although this work has contributed to the understanding 
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of avalanche photodiodes, several unexplored aspects of their 

operation could be studied. 

The strong 1/f dependence of the noise current in the 

APDs at low frequencies could be examined in future studies. 

The exact frequency dependence of this low frequency noise 

could be determined for different operating conditions of the 

diode. The objective would be to discover the origin and 

characteristics of this type of noise in InGaAs APD devices by 

examining its dependence on the temperature, light wavelength, 

and photocurrent. 

Since noise in InGaAs was already observed to depend 

strongly on the photocurrent, this effect could be more 

closely examined. Photogenerated current is a function of the 

incident light power so that any dependence of the noise in 

the device on the light power should also be studied. The 

present apparatus is not equipped to measure the incident 

light power so this points to future work into improving the 

experimental setup. 

Other improvements in the experiment itself would allow 

further studies of avalanche photodiodes. It would be 

desirable to measure the noise at frequencies higher than the 

10 kHz presently attainable. This would allow the assumption 

that the noise at higher frequencies was relatively constant 
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to be either accepted or refuted. Naturally, it would be 

useful to measure the noise at the signal frequencies actually 

used in optical communications systems. Signal-to-noise 

measurements on APDs would also be possible after some system 

modifications. 

Additional improvements in the system could increase the 

accuracy of the measurements. Attempts could be made to 

improve the temperature stability thereby reducing any 

corruption of the experimental results due to temperature 

fluctuations. The stability of the light intensity could also 

be improved. 

These experimental results already presented in this 

thesis as well as those arising from future work should 

provide a better understanding of avalanche photodiodes. 
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TECHNICAL SPECIFICATIONS 
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Appendix B 

SCATTERING AND DRIFT VELOCITY OF ELECTRONS AND HOLES 

Under thermal equilibrium, conduction band electrons and 

atoms in the crystal lattice are in constant random thermal 

motion. From the kinetic theory, a carrier at a temperature 

T has an average thermal energy of 3/2kT so that its average 

velocity, vth, is given by 

1 3 
-2 nevth = 4 kT . (1) 

The average thermal velocity of an electron in Si at room 

temperature is approximately 107 cm/s [30]. The electrons may 

be visualized as moving rapidly in all directions. At the 

same time, the atoms of the lattice experience thermal 

vibrations that cause small periodic deviations from their 

mean positions. The result is that electrons make frequent 

collisions with the vibrating atoms. When thermal equilibrium 

exists, the random movements of the electrons cancel out, and 

the average current in any direction is zero. The effect of 

the periodic field produced by the lattice atoms has been 

taken into account by the effective mass of the electron. 

Therefore, the lattice atoms do not deflect the conduction 

electrons. However, the effective mass of an electron does 

not account for the deviation of the atoms from their 

equilibrium positions which results from the thermal energy of 

the system. It is these deviations from perfect periodicity 
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that scatter the free electrons. The thermal vibrations may 

be treated quantum mechanically as discrete particles called 

phonons, and the collision of phonons with electrons or holes 

is known as phonon or lattice scattering. An increase in 

temperature causes increased lattice scattering because of the 

increased lattice vibration. 

Besides lattice scattering, there are three other 

scattering mechanisms: 

1. The ionized impurity atoms are charged centers 
that may deflect the free carriers. The effect of 
this mechanism depends on the temperature and the 
impurity concentration. 

2. The neutral impurity atoms may cause scattering 
if their concentration is high. This type of 
scattering takes place when the free carriers are 
influenced by the orbiting electrons and the atomic 
core separately. The effect of this type of 
scattering is generally negligible at normal 
temperatures. 

3. The coulombic attraction between carriers can 
cause scattering if the carrier density 
concentration is high. 

Under thermal equilibrium, the random motion of electrons 

leads to zero current in any direction as depicted in Fig. 1 

[31]. The average distance between collisions is called the 

mean free path, lm. Typical values of the mean free path are 

between 10-6 and 10-4 cm regardless of what type of scattering 

is dominating. If an external electric field is applied to 

the crystal, the electrons will experience an acceleration in 

the opposite direction to the field. The motion resulting 
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Fig. 1 Typical path of electron in crystal (a) without and 
(b) with electric field (after Yang [22]). 
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Fig. 2 Drift velocity as a function of electric field for 
electron and hole (after Yang [32]). 

from the external field is superimposed on the random motion 

of the electrons giving the physical picture of Fig. 2. The 

electrons are now drifting in the direction opposite to that 

of the electric field giving rise to a current flow. 
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In contrast to electronic motion in a vacuum, electrons 

in a semiconductor which experience an external electric field 

do not achieve constant acceleration. Instead they move with 

a constant drift velocity because of scattering effects. The 

drift velocity is a function of the applied field, and for low 

electric fields, the magnitude of the velocity can be derived 

by using the following simple model. 

Since the acceleration of an electron is given by a = - 

qe/me* and the increase of velocity between two consecutive 

collisions is Av = atm, the average drift velocity (if zero 

initial velocity is assumed) is 

Av 41,1m
Vd = — — e

2m: 
(2) 

In a more accurate model including the effect of statistical 

distribution, the factor 2 disappears from the denominator of 

Eqn. (2). The correct expression is 

cfr 
Vd = - 

in 
e = 

me 
(3) 

where -µn is called the electron mobility. A similar 

expression can be written for the hole: 

(4) 

where µI, is the hole mobility. Notice that there is no 

negative sign in the equation for hole drift velocity since 

holes drift in the same direction as the electric field. 
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Although Eqn. (4) indicates a linear relationship between 

the drift velocity and the applied electric field, this 

dependence is only obeyed at low electric fields. As the 

applied field is increased, the drift velocity eventually 

reaches the thermal velocity limit obtained from Eqn. (5). 

Since the electron cannot exceed the thermal velocity, 

increasing the field beyond this limit would not produce a 

higher velocity. The field-dependent drift velocity in Si is 

shown in Fig. 2 [32] which can be approximated by the 

empirical expression 

Vd = Vth [1 - exp ( -e /e d)] (5) 

where ec is called the critical field. For an n-type Si 

wafer, the critical field is approximately 1.5 x 104 V/cm 

[32]. 

Since the mobility takes into account the effects of 

scattering, the contribution of different scattering 

mechanisms to the mobility variation should be readily 

observable. Lattice scattering increases with increasing 

temperature. A higher degree of scattering produces a shorter 

mean free time, yielding a lower mobility. For a very pure 

sample, the impurity and carrier scattering mechanisms are 

negligible, and the temperature effect of the mobility is 

dominated by lattice scattering. Experimental results show a 

temperature dependence ranging between T-3/2 and T-5/2 for the 
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Fig. 3 Electron mobility as a function of temperature in 
silicon (after Yang [32]). 

electron and hole mobilities in Si as exhibited by the graph 

for a sample doped with 10" cm-3 in Fig. 3 [32]. On the other 

hand, the effect of impurity scattering on the mobility is 

most pronounced for heavily doped samples at low temperatures 

where lattice scattering can be ignored. The low temperature 

has the effect that electrons and holes, travelling past fixed 
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charged ions will be deflected by the coulombic force set up 

by the charged ions. As the temperature is increased, the 

carriers become less likely to be deflected by the charges 

ions, and the scattering is reduced. Therefore, the mobility 

increases with temperature which can be seen most clearly in 

the case of electron mobility with doping of 1018 cm-3 in Fig. 

3. The mobility also decreases with increasing impurity 

concentration at a given temperature. 
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