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ABSTRACT

This work is concerned with the design and fabrication of an absolute 

radiometric detector operated over the 0.7 to 1.5 μm wavelength range. 

This application requires a semiconductor photodiode with high internal 

quantum efficiency and long term stability. Of many possible materials, ger­

manium is chosen because high quality material is available, the fabrication 

processes are relatively straight forward, and a high quantum efficiency is 

achievable.

The fabrication procedures for a germanium cell were developed. Two 

types of germanium photodiodes were fabricated and tested. In both photo­

diodes, a channel stop has been employed to reduce the lateral current due 

to surface inversion. Ion implantation is used to form the n+-p junction, 

the channel stop and the back surface field. To reduce the surface recombi­

nation, CVD Si02 was deposited for surface passivation. A Ti/Pd/Ag metal 

layer was then sputtered to make the interconnections. With this process, 

dark current as low as 0.35 mA/cm2 has been observed on a 2 Ω -cm sub­

strate.

The n+pp+ photodiodes had a considerably low quantum efficiency 

than the induced junction photodiodes. It is shown by computer simulation 

that the internal quantum efficiency, η, of an n+pp+ diode is strongly 

affected by the carrier lifetime, r, in the emitter and the surface
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recombination velocity, S, at the SiO2-Ge surface. The high quantum 

efficiency in the induced junction diodes can be attributed to the absence of 

implantation induced damage in the emitter, and an electric field near the 

surface, induced by the fixed charges of the SiO2 layer. With the induced 

junction structure, we have observed an internal quantum efficiency of 

98.8% at 0.7 μm and of 97% at 1.5 μm.
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CHAPTER I 

INTRODUCTION

1.1. Radiometry

Radiometry is the science and technology of the measurement of 

electromagnetic radiant energy. A complete radiometric measurement 

system consists of a number of components including a source of radiant 

energy, an optical system, a detector which converts the EM energy to 

electrical energy, and a signal processing device, as shown in Fig. 1.1.

Optical

System ProcessingSource
Detector output

Figure 1.1 A block diagram of a radiometric measurement system.

Typical sources of radiant energy include the sun, lasers, electrical 

discharge sources, fluorescent materials, etc.. Optical systems used in 

radiometric measurement consist of lenses, mirrors, apertures, prisms, 

gratings, filters, polarizers, fiber optics, or other devices. Detectors play a
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fundamental role in the history of radiometry. Much of the progress in 

radiometry is associated with progress in the development of detectors. The 

most important physical detectors are photomultipliers, photographic 

detectors, pyroelectric detectors, thermocouples, and of course, 

semiconductors detectors. Signal processing is also an essential part of a 

radiometric measurement. Signal processing can involve sophisticated 

digital and analog circuitry, such as the receivers in optical communication 

systems, or it can be as simple as a direct measurement of the electrical 

output signals, such as the quantum efficiency measurement.

1.2. Self-calibrating Absolute Radiometer

In an absolute radiometric measurement, one has to have either a 

standard (calibrated) source, or a standard (calibrated) photodetector. In 

the past, the light source was calibrated based on the luminance of a 

blackbody radiator. The accuracy of this method could be within 1% but 

the process is very tedious. Another approach to the absolute radiometric 

measurements is to use a calibrated photodetector. The development of an 

electrically calibrated pyroelectric radiometer (ECPR) makes this approach 

much more practical than before [l). Since electrical power measurements 

can be made very accurately, the inherent accuracy of the radiometer is 

increased.

Semiconductor photodetectors have been widely used in radiometric 

measurement systems. It was suggested that a self-calibration based on the 

unity internal quantum efficiency of a photovoltaic cell provides a accurate 

and inexpensive technique for radiometric measurements [2]. The self­
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calibration technique was first demonstrated in silicon photodiodes operating 

over the 0.4 to 1.1 /im wavelength range [3]. It is of considerable practical 

interest to extend this technique for the use over a wider wavelength range.

At present, the spectral responsivity, R, is often used as a calibration 

Curve for photodiodes. The spectral responsivity is defined as

R
ik
w (ii)

where JL is the photon-generated current density and W is the power of the

incident photon flux.

h = n{i

JL can be written as 

- r) q 't'c (1.2)

and W as

W = <t>0 h v (1.3)

where r/ is the internal quantum efficiency, r the reflectance of the 

photodetector surface, q the unit charge, 4>0 the incident flux per unit area 

per unit time, h Planck’s constant, and u the frequency of the incident 

radiation. The internal quantum efficiency is defined as the ratio of the 

number of light-generated carriers to the photon flux Eq.(l.l) can be 

rewritten as

R — T) (1 — r) = rj (1 — r)—-— (Amp/watt) (1.4)
v ’ hv ’ 1.2398 v ' ’

cwhere we use the relation v = —, where c is the speed of the light and ^ theA

wavelength of the incident radiation in microns.

The spectral responsivity, R, of a photodiode will be proportional to the 

wavelength, X. If the r=0 and r/= 1, the proportionality constant will
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depend solely on the universal constants h, c, and q. A photodiode with 

r=0 and r/= 1 is referred to as a self-calibrated photodiode and can be used 

in a self-calibrating radiometric measurement.

However, a typical photodiode may lose approximately 25 to 35% of the 

incident power due to surface reflection. The design shown in Fig.(l.2) 

solves this problem [4]. This design incorporates four identical photodiodes 

mounted in a protective aluminum housing. The photodiodes are arranged 

in such a way that the fourth cell redirects the incident beam back along 

its original path, providing a total of seven successive absorptions of incident 

power. After seven reflections, a single cell reflectance of 35% reduces the 

effective reflectance to (0.35)7, or only 0.06%.

With this technique, the effective reflectance can be reduced 

approximately to zero. Therefore, a self-calibrating radiometer can be 

achieved by fabricating a photodiode with a minimum recombination loss. 

The purpose of this thesis is to examine the design, fabrication and testing 

of a germanium photodiode which approachs the ideal internal quantum 

efficiency of 1.

1.3. Long-wavelength Optical Communications

The importance of the 0.7 to 1.5 pm wavelength range comes from 

recent developments in optical fiber communication systems. During recent 

years, optical fiber communication has been the subject of intensive research 

and development. Silica-based glass fibers show a low optical attenuation in 

the spectral region between 1.0 and 1.5 pm [5]. Total losses of less than 0.5 

dB/km are reported. In addition, the dispersion falls to zero at a
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Photodiode

Figure 1.2 Optical configuration of a light trapped radiometer.
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wavelength between 1.2 to 1.3 /im [6]. The combination of low fiber loss and 

negligible dispersion offer the possibility of wide-bandwidth systems 

operating over long distances. The silicon photodiode, with an absorption 

coefficient which decreases rapidly beyond 1.1 /im, is not suitable as a 

detector for this application. Alternative materials are needed for long 

wavelength photodetection.

The design of a practical radiometer over the 0.7 to 1.5 /im wavelength 

range becomes essential in order to monitor the full range of optical power 

in optical communication systems. Semiconductor photodiodes are often 

chosen for radiometric applications since they typically have high optical- 

to-electrical efficiency. In addition, they are linear over many orders of 

magnitude of light intensity, and stable with time and temperature. Silicon, 

germanium, indium gallium arsenide, and indium gallium arsenide 

phosphide, among others, are semiconductor photodetectors which have 

useful sensitivity over some or all of the 0.7 to 1.5 /im wavelength range. Si, 

with an energy bandgap of 1.12 ev, is useful only for wavelengths shorter 

than 1.1 /im and thus couldn’t be used as a full range radiometer. On the 

other hand, Ge has a suitable energy bandgap for detecting optical signals 

in the above wavelength range, including 0.8, 1.33, and 1.5 /im which are the 

common wavelengths used in the optical fiber communication systems.

1.4. Overview

This research is concerned with the design and fabrication of a self- 

calibrating Ge photodiode over the 0.7 to 1.5 /im wavelength range. In the 

following chapter, a brief review of previous work in this area will be
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presented. Some of the advantages motivating this research will then be 

discussed. An analytical equation for internal quantum efficiency will be 

derived, followed by a description of design considerations for optimal 

photodiodes. The cell was designed and the fabrication was carried out 

using our pattern generation tools and fabrication facilities at Purdue 

University. Measurement techniques will also be discussed, followed by the 

computer analysis of the measurement results. Finally, some conclusions and 

comments will be presented.
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CHAPTERH 

REVIEW

2.1. Introduction

In recent years, the rapid growth of the fiber optics communications 

industry has increased the demand for precise optical measurements, and 

attempts have been made to develop more stable and sensitive 

photodetectors. The most widely used detector of optical radiation is the 

semiconductor photodiode. The physics of this device is well understood, 

and its technology is well developed. Basically, the photodiode is a p-n 

junction diode operated under a zero or reverse biased voltage. When an 

optical signal impinges on the photodiode, electron-hole pairs are generated 

and transported to the junction. An electrical signal can then be detected 

at the terminals of the devices.

Although there are many types of semiconductor photodetectors, we will 

only review photodetectors which are commonly used in the 0.7 to 1.5 jum 

wavelength range, and comment on their usefulness in a self-calibrating 

radiometric application.
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2.2. Materials

The key factor which determines if the material is useful for detection 

of the above wavelength range is the energy bandgap. The bandgap of the 

material should be narrow enough such that the photon energy can excite 

the electrons from the valence band to the conduction band. A 

photodetector is sensitive to radiation with a wavelength less than Xc where

Xc (H = 1.2398
Eg(eV)

(2.1)

Eg in Eq.(2.l) is the energy bandgap of the material. For instance, the 

energy bandgap should be 0.82 eV or less for the detection of 1.5 /v,m 

wavelength radiation. Fig. 2.1 shows the absorption coefficient of the 

materials which have useful sensitivity over some or all of the 0.7 to 1.5 fim

wavelength range [7].

2^3. Photoconductors

In photoconductors, electrical conductivity increases when they are 

illuminated. In fact, all semiconductors and insulators become more 

conductive when illuminated with photons which have enough energy to 

generate free carriers. There are two types of photoconductors: extrinsic 

and intrinsic photoconductors.

2.3.1. Extrinsic Photoconductors

Extrinsic photoconductors have been used throughout the infrared 

spectrum [8,9]. For extrinsic photoconductors, energy levels are introduced 

between the band edges by introducing impurity levels into semiconductor.
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The incident radiation is absorbed by these levels and free carriers are 

generated. Extrinsic photodetectors are typically operated at low 

temperature to reduce generation-recombination noise produced by the 

impurity states. In addition, they have smaller absorption coefficients than 

that of intrinsic detectors and thus require a larger physical size for efficient 

detection. The above factors limit their applications.

2.3,2. Intrinsic PhotoconduCtors

Intrinsic photoconductivity requires the excitation of free electron-hole 

pairs by a photon whose energy is at least as great as the energy gap. Once 

the electron-hole pairs are generated by the incoming radiation, electrons 

and holes will flow to the cathode and anode contacts. The gain of a 

photoconductor is the ratio of the hole lifetime rp to the electron transit 

time tr,

G " f '
Ip tr .

and the spectral responsivity can be written as

R(X) = (1 - r) //G T^s- : <2'3)

A number of photoconductors are commercially available for the use in 

various spectral ranges. Silicon is used in the wavelength range of 0.4 to 1.1 

jUm, cadmium sulphide (CdS) and cadmium selenide (CdSe) are useful in the 

visible range (0.5 to 0.7 /im), and lead sulphide (PbS), lead selenide (PbSe) 

and indium antimonide (InSb) in the near infrared range (l to 3 yum) (76].
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Another material which is photo-sensitive in 0.7 to 1.5 /j,m wavelength 

range is indium gallium arsenide (InGaAs). This photoconductor is made of 

either an n or p-type In0 53Ga0 47As conducting layer, with an energy 

bandgap of 0.78 eV, grown on a semi-insulating substrate of indium 

phosphide (InP). Under carefully controlled growth conditions, InGaAs has 

a perfect lattice match to the InP substrate. This match reduces the 

dislocation density and other crystalline imperfections in the epitaxial layer.

The photoconductive gain G can have values of 103 and more. 

Therefore, in general, the photoconductors are not suitable for a standard 

cell because the gain of the device is not easily calibrated.

2.4. p-i-n Photodiodes

The first high-speed Si p-i-n photodiode was developed in 1962 [10]. 

Almost all of the short-wavelength fiber-optic systems use Si p-i-n 

photodiodes for short-distance communication. They are relatively easy to 

fabricate, are highly reliable, and have low noise.

The p-i-n device is operated under reverse bias. The cell is designed 

such that most of the photons are absorbed in the i-region. The photo- 

generated electrons and holes in the depletion region will be rapidly drawn 

to the opposite electrodes due to the presence of a high electric field in that 

region. This leads to current flow in the external circuit. The detection 

process in p-i-n diodes is very fast and efficient.

A number of reports have already been made on high quality InGaAs 

p-i-n detectors [11]. The dark current density achieved varies between 

1.5xlO-5 A/cm2 and 10-4 A/cm2, while effective carrier lifetimes range from



13

t = 0.3 /is to 1.7 /is. The quantum efficiency of a top-illuminated diode 

without antireflection coating is only r/ ~ 35% at X = 1.3 jum. The primary 

loss of carriers is due to carrier recombination at the surface and in the 

emitter. Surface recombination can be reduced by placing an InP cap on 

top of the emitter layer [12].' InP (with Eg = 1.3 eV) is transparent to 

wavelengths longer than 0.92 fJ.m.

There are two key factors to the improvement of the quantum efficiency 

of InGaAs diodes: reduce the carrier loss on the surface and in the emitter, 

and achieve complete depletion in the intrinsic region. To achieve complete 

depletion, the device must be fabricated from extremely pure material.

2.$' Avalanche Photodiode (APD)

Avalanche photodiodes, similar to p-i-n photodiodes, are operated at 

high reverse bias voltages. The electric field in the depletion region is high 

enough that avalanche multiplication takes place. This impact ionization 

gives rise to internal current gain.

It is considerably harder to fabricate a high quality APD for detecting 

long-wavelength radiation. The difficulties come from the need to use 

narrow bandgap material, such as InGaAs and Ge. Narrow bandgap 

semiconductors have large dark currents at the high reverse biases which are 

necessary for avalanche breakdown.
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2.5.1. Compound Material APDs

Current development of long-wavelength APDs is focused on III-V 

compound materials. The first InGaAsP APD was reported in 1978 [13]. To 

reduce the dark current, InGaAsP or InGaAs APDs were grown on wide- 

bandgap InP substrates. At present, the III-V compound material APD is 

more sensitive than either a p-i-n photodiode or a photoconductor at high 

bit rates. Therefore, it is a suitable device for optical communication 

systems. However, it can not be used as a self-calibrating device because of 

the high and variable current gain.

2.5.2. Germanium APD

Germanium is another alternative for long-wavelength detection. With 

an energy bandgap of 0.66 eV at room temperature, it can be designed as a 

practical photodetector over the 0.7 to 1.5 fJ,m wavelength range. The 

fabrication processes for Ge photodiodes are straight forward using existing 

planar monolithic techniques. High quantum efficiency can be achieved by 

proper design and fabrication.

Several different Ge photodiode structures have been fabricated and 

studied. An n+-p structure was developed first [14-17]. Dark currents as 

low as 1 mA/cm2 with a quantum efficiency as high as 80% at 1.49 /tm have 

been reported. p+n Ge photodiodes were also studied [18-22]. The internal 

quantum efficiency obtained was about 80% at 1.15 yum and the dark 

current was around 2.8 mA/cm2. The high dark current occurs because the 

diffusion constant of p-type impurities, such as zinc, boron, indium and 

gallium are rather small. High temperatures and long diffusion times are
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needed to form the p+ layer. The high temperature processes cause surface 

defects which result from the mismatch of the thermal expansion rates of 

germanium and silicon dioxide (Si02). Another kind of Ge photodiode, one 

with an n+— n—p structure, was devised to reduce excess noise and improve 

quantum efficiency [23-25]. A dark current of 5.7 mA/cm2 and internal 

quantum efficiency of 70 to 80 percent at 1.15 /um wavelength was obtained. 

These n+—n—p structures have a rather deep junction (xj = 2.5/im) and, 

therefore, it is difficult to improve the quantum efficiency.

In optical fiber communication applications, the Ge photodiodes are 

operated in the avalanche mode in order to obtain a high current gain. 

Therefore, the major concern for these diodes is to reduce the device noise 

and thus to improve the S/N ratio.

In this research, we have designed and fabricated a self-calibrating Ge 

photodiode with a high internal quantum efficiency over the 0.7 to 1.5 /ini 

wavelength range. The achievement of high quantum efficiency and reduced 

carrier losses is the primary concern in the design of a self-calibration diode. 

In our design, the n+pp+ and induced junction structure are chosen because 

the processing is simple. Ion implantation techniques are used to form the 

shallow p-n junctions. The details of the design will be discussed in the 

following chapters.

2.8. Induced Junction Photodiodes

The n+ layer in induced junction photodiodes is formed by fixed positive 

charges at the Si02—Ge interface. These positive charges invert a lightly 

doped p-type substrate to a shallow, damage-free n+ layer at the device
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surface. The high induced electric fields associated with induced junction 

help to collect the photo-generated carriers. The inversion layer cell will be 

demonstrated to be less sensitive to low lifetimes and high surface 

recombination velocities than the conventional junction cells [26].

In this research, an induced junction Ge photodiode is fabricated. We 

will demonstrate that the induced junction cells performs much better than 

n+pp+ diodes.

2.7. Summary

In this chapter, we have discussed various semiconductor photodetectors 

for use in different spectral ranges. The Si photodiode is the most popular 

device for the detection of 0.4 to 1.1 nm wavelength radiation. Narrow 

bandgap materials have to be used for detecting radiation with wavelengths 

greater than 1.1 fim. Of many possible materials, Ge is used in this research 

because high quality material is available, the fabrication processes are 

straight forward, and a high quantum efficiency is achievable by proper 

design and fabrication.
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CHAPTER HI 

GERMANIUM

3.1. Introduction

A great deal of research work has been carried out on germanium in the 

past thirty years. In this section, we will review some of its properties.

3.2. General Properties

Ge crystallizes in the diamond lattice with 4.5xl022 atom/cm3. The 

lattice constant at 20°C is 5.6575 A , and the expansion coefficient is

5.9 — 6.6x10_6/°C [27]. The intrinsic resistivity at 27°C is 47 II—cm, 

corresponding to an intrinsic carrier density of 2.6xl013 cm-3 [28].

3.3. Band Structure

The energy band structure of Ge, studied by Chelikowsky and Cohen 

[29] by using pseudopotential calculations, is shown in Fig. 3.1. The 

maximum of the valence band lies at the center of the Brillouin zone, and 

the surfaces are approximately spherical. The effective mass of the heavy 

hole is 0.28 and that of the light hole is 0.04 m0, where rii^ is the mass of 

free electron. The lowest of conduction band minima are those along the
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L [111]
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Figure 3.1 Energy band diagram of germanium [29]



[ill] direction. The minima are at the zone boundary, so that there are 

four equivalent minima. The longitudinal effective mass, TO/, and transverse 

effective mass, mt, are [30]

m/ = 1.6 m0 , mt = 0.082 Too (3.1)

3.4. Mobility and Diffusion Coefficient

The mobility ji (fin for electron mobility and /tp for hole mobility) in Ge 

is dependent on doping concentration and temperature; As the impurity 

concentration increases, the mobility decreases [31], The carrier mobility 

also falls off with a rise in temperature since the thermal vibrations of the 

lattice atoms increase, causing more intense carrier scattering. In high 

resistivity Ge, Morin [32] obtains the following empirical relations:

fin = 4.90 x l'O7 T-1 66 cm2/V.sec 100- 300 °K (3.2)

ftp = 1.05 x 109 T-233 cm2/V.sec 125 - 300 °K (3.3)

The carrier diffusion coefficient (D„ for electrons and Dp for holes) is 

another important parameters in semiconductors. In thermal equilibrium, 

the relationship between Dn and /i„ (or Dp and np) is given by [33]

Dn = 2 kT

Ef — Ec '
kT

Ef - Ec
kT

(3.4)

where Fya and F_ya are Fermi-Dirac integrals. For a nondegenerate

semiconductor, where n is much smaller than Nc (or p <<C Ny), Eq.(3.4) can
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(3.5)

(3.6)

3.5. Optical Properties

Fig. 3.2 shows the absorption coefficient of Ge measured by Dash and 

Newman [34]. Germanium absorbs photons with energy higher than 0.66 eV 

(corresponding to wavelengths shorter than 1.88 //m). The absorption 

coefficient starts abrupt rise at about 0.78 eV (X~1.59/xm), which is 

attributed to the onset of the I g-1 7 direct transition (see Fig. 3.1). The 

"kink" at 0.87eV (\~1.45 /im) is attributed to the onset of T^—Xf indirect 

transition.

Free electrons and holes can make a transition from one level to 

another in the conduction band and valence band by absorbing a photon. 

This process is referred as free carrier absorption, and can only become 

significant in heavily doped material. Infrared absorption for a heavily 

doped p-type sample is seen in Fig. 3.3 [35]. There are three peaks for room 

temperature measurements. This absorption is due to transitions among the 

three valence bands shown in Fig. 3.1. Since the absorption coefficient is 

very small (less than 100 cm-1), this absorption process is negligible.

be reduced to

_ kT 
Dn = —

and similarly,

n kT Dp =---- /ip
q

which is better known as the Einstein relationship.
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Figure 3.2 Absorption coefficient of single-crystal germanium at 77°K and 
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3.6. Heavily Doped Germanium

In n+pp+ photodiodes, the emitters are usually doped heavily to reduce 

lateral series resistances. The high concentration of impurities produce 

localized imperfections which are efficient recombination centers. In 

addition, as the impurity concentration is increased, the energy bandgap is 

shrunk. The changes of the energy bandgap in heavily doped regions are 

due to several physical mechanisms. Aigrain [36] has shown that, as the 

concentration is increased, the impurity states form a band which becomes 

broader and eventually merges with the nearest intrinsic band edge. This 

impurity band shifts the majority-carrier band toward the bandgap and 

leaves the minority-carrier band essentially unchanged. Kane [37] assumes 

the impurities form clusters, sometimes compounds with semiconductor 

atoms, These clusters and compounds have potential wells below the band 

edge and therefore constitute tails of states. Bonch-Bruevich [38] also 

calculates the distribution of states by taking into account electron-electron 

interactions and finds that these cause an asymptotic tailing-off of the 

density of states into the energy gap.

Mahan [39] made a more comprehensive calculation of the energy gap in 

germanium as a function of the concentration of donor impurities. He has 

shown that the theoretical energy gap is affected by five important 

contributions. Three of them for the electrons, as the majority carriers, are

the kinetic energy , exchange energy and the self-consistent interaction with 

the impurities. The two for the holes are the correlation energy with the 

electron gas and the interaction energy with the screened donors. His 

theoretical result for the bandgap shrinkage in germanium is
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AEg(meV) = 6.63x(n/l018)2/3 - 4.89x(n/l018)1/3

- 8.2x(n/l018)1/4 - 3.0

where n is the electron carrier concentration in the conduction band.

(3.7)
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CHAPTER IV 

THEORY

4.1. Introduction

In this chapter, the mechanisms which govern photon absorption and 

carrier collection will be discussed. An analytical expression for the internal 

quantum efficiency for monochromatic light in a p-n junction photodiode will 

be derived. Although rather restrictive assumptions are needed to obtain 

closed form solutions to the differential equations, the use of analytical 

solutions has proven to be very valuable in the past to predict the behavior 

of photodiodes, in particular to predict the effect of variations in doping 

level, lifetime and junction depth.

4.2. Quantum Efficiency

One of the most important figures of merit for photodiodes is the 

quantum efficiency. The internal quantum efficiency, r/(X), of a 

semiconductor photodiode is defined as the ratio of the number of free 

electron-hole pairs, produced by incident photons of wavelength, X, that are 

collected before recombination, to the number of incident photons at the 

diode surface. There are three mechanisms that govern the quantum 

efficiency in semiconductor photodiodes [2]:
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(1) Absorption rate density, A(X,x), the rate at which photons of

wavelength, X, are absorbed per unit distance at position x in the 

diodes.

(2) Quantum yield, Y(X,x), the average number of electron-hole pairs 

produced by one absorbed photon.

(3) Collection efficiency, P(x), the probability that minority carriers 

generated by absorbed photons at position x will reach the junction 

before recombination.

Fig. 4.1 shows the cross section of a n+pp+ photodiode. If we neglect 

the absorption of photons in the anti-reflection coating, the internal 

quantum efficiency can be expressed as
H

//(X) = / A(X,x) Y(X,x) P(x) dx (4.1)
o

where H is the thickness of the photodiode

In this section, mathematical expressions for A(X,x), Y(X,x) and P(x) will 

be discussed. Some approximations will be made to simplify the analysis.

4.2.1. Absorption Rate Density, A(X,x)

If Tf, and rjj are defined as the reflectances Of front and back surface 

respectively, and normally incident light is assumed, the photon flux with 

wavelength, X, can be expressed as [40]

e-o(% + >b(X) e-"(x)(2H~x)

Thus, A(X,x) can be written as
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Metal Metal

Figure 4.1 Cross section of an n+pp+ photodiode.
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A(X,x) = 1 d4>(X,x)
4»o(X) .dx

= a(X)
e "Wx + rb(X) e”n(xH2H-x)

1 - r,(X)rb(\)
(4.3)

Eq.(4.3) also assumes that the absorption coefficient is independent of 

position. For a typical diode structure (long-base diode) and range of 

wavelength (0.7 - 1.5 ftm) of interested, the following relation holds:

e—n (X)H « i (4.4)

A(X,x) can then be reduced to a simpler form

A(X,x) = <v(X)e",,<x)x (4.5)

However, for the wavelengths longer than 1.5//m, or for a thin diode, Eq.(4.3) 

must be used for the A(X,x).

4.2.2. Quantum Yield, Y(X,x)

. The quantum yield Y(X,x) can be thought of as a product of two more 

fundamental quantities

Y(X»x) = Y„(X,x) Yj(X,x) (4.6)

where Y„(X,x) is the fraction of photons absorbed as a result of generating 

excess carriers. Some absorption processes, such as free carrier absorption, 

lattice absorption and impurity absorption, which occur in the far infrared 

region of the spectrum, do not produce excess carriers. For the region of 

wavelengths (0.7 - 1.5 jum), these absorption processes are negligible in 

germanium. Therefore, Yn is very close to unity.



Yj(X,x), which is the quantum yield due to impact ionization, is equal to 

one plus the average extra minority carriers generated by photons. 

Conservation of energy require the energy of the incident photons be at least 

two times the bandgap energy. However, impact ionization has not been 

observed in Ge for photons energy less than three times the bandgap energy, 

corresponding to X < 0.626 /im (Fig. 4.2) [41]. Schockley [42] explains this 

by assuming the equal distribution of energy between minority and majority 

carriers produced by absorption of photons. Thus, conservation of energy 

requires photons to have energy more than three times the bandgap energy. 

For the range of wavelength (minimum of 0.7 /zm) that we are interested in, 

Yj is equal to 1.

29

4.2.3. Collection Efficiency, P(x)

The collection efficiency at position x of the photodiode is defined as the 

probability that a minority carrier created at x will be swept across the 

junction before recombination. Typically, the collection efficiency is very 

close to unity in the vicinity of the depletion edge and is reduced 

considerably in the emitter or near the front surface . The reduction of 

collection efficiency is mainly attributed to surface and bulk recombination. 

The recombination rate, U, due to recombination through an energy level 

within the energy gap can be expressed by the Schockley-Hall-Read model as

U =
np - nic

rpo(n+nl) + rno(P+Pl)
(4.7)

wherem and pj describe the location of the level, and can be expressed as
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Et — E-,
*1 = nio e ^ M)

and

Ej ~ Et
Px = Pio e kT (4-9)

where E<p is the trap energy level.

In a heavily doped region, such as the emitter in photodiodes, Auger 

recombination becomes a significant process [43]. In n-type material, the 

Auger lifetime is given by

W = (410)
Ann

while in p-type material

rAn6er = ~T l4'11)
App

where An and Ap are Auger coefficients which are commonly regarded as 

intrinsic properties of semiconductors.

We have neglected radiative recombination which is too weak to have 

any significance in indirect bandgap materials, such as germanium.

4.2.4. Internal Quantum Efficiency

In order to obtain an analytical expression for internal quantum 

efficiency, the following simplified equations are used

A(X,x) = c*(X)e-"Mx (4.12)

and
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Y(X,x) = 1 (4.13)

Therefore, r/(\) can be expressed in a integral form as 

H
?/(X) = / a(X)e~aWxP(x) dx (4.14)

o

It is not a easy task to write P(x) in a closed form equation because the 

collection efficiency is a complicated function of surface conditions, carrier 

lifetimes, and doping concentrations. A simplified model for P(x) is needed 

to carry out the integration in Eq.(4.14). For instance, a "dead layer" model 

in the emitter was used for the approximation solution by Geist [44], or, as 

will be shown in the following section, one can solve the diode current 

equation under the assumption of constant doping in the emitter and base 

regions. Analytical equations are useful to predict the behavior of 

photodiodes. However, for detailed analysis, a numerical computation has to 

be used. We will demonstrate the use of a detailed numerical model in 

Chapter VIII.

4.3. Derivation of the Photocurrent for Monochromatic Light [45]

Before we derive the analytical expressions, the following assumptions 

are needed:

(1) Neglect the loss of radiation in the anti-reflection coating.

(2) The absorption coefficient, a, is a function of wavelength only.

(3) Every photon absorbed in the semiconductor results in creation of 

exactly one electron-hole pair; i.e., the free carrier, lattice and 

impurity absorptions have been neglected.
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(4) The derivation is restricted to low-level injection.

(5) On both sides of the junction, the doping concentration is constant, 

i.e., we assume constant mobility ju and constant diffusion 

coefficient D.

(6) On both sides of the junction, the minority carrier lifetime t is 

constant.

(7) A single trap level is assumed.

(8) There is no back surface reflection in the diode.

Fig. 4.1 shows the cross section of an n+pp+ photodiode. When light 

with wavelength X is incident on the semiconductor, the photons will be 

absorbed and electron-hole pairs will be generated. The flux of photons 

decreases with position as

■H'.x!=(l-r! "W' (4-15)

where 4>(X,x) is number of photons with wavelength X at position x, r is the 

reflectance of the device surface, d>0(X) is the incident photon flux density 

with wavelength X, and a(X) is the absorption coefficient. Eq. (4.15) has 

assumed no back surface reflection in the diode. The generation rate of 

electron-hole pairs, according to assumption (3), is

ccsx) = - ■£-*('-•*) - (1 -f) -.(VI-I.J .) (1.16)

First consider only the emitter region. The continuity equation for 

holes under steady state condition is
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1 dJL
- —L - Gp 4- Up = ° (4.17)
q ax

where Up is the recombination rate due to single level recombination trap in 

the energy bandgap and is expressed in Eq.(4.7). Under the simplified 

condition rpo~rno, n»p, and ET~Ej, with assumption (4), Eq.(4.7) can be 

reduced to

— (4.18)rTpo

The current equation for holes in the emitter is

jp = qMpPnE - (4-19)

where /up is the hole mobility and Dp is the hole diffusion coefficient. The 

electric field E in Eq. (4.5) is zero because quasi-neutrality is assumed in the 

emitter and base regions. Substituting Eq.(4.16), (4.18) and (4.19) into (4.17) 

with constant and Dp, Eq.(4.17) becomes

d2(p,-p.o) + (1 ^0 (4.20)
dx2 DP Dprpo v

The general solution for Eq.(4.20) is

Y V (l ““ r)
Pn-Pno = A cosh(—-) + B sinh(—) ---------- — e_nx (4.21)

Up Lp a Lp—1

After applying the boundary conditions

d(Pn Pno) Sp , ^
-----(Pn Pno) at x=0 (4.22)

and
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Pn-Pno = Pno(e<,V/kT ~l) at X=X: (4.23)

The hole current density at the junction edge is

Jp(xi) = -qD, d(P.-Pn»)
dx

q(l - r)4>0QLp
OfTir— 1

SpLp , t D. +"L" cosh
Dn

+ sinh

Ml
D„

-sinh 4- cosh

«Lpe °xi

qDpnii
LPND

sinh
p

+
S,,Lp
D„

cosh

cosh
p y

+
SpLp
Dn sinh

(e'AVkT _ 1} (4.24)

Similarly, one can obtain the electron current density in p-bulk region by 

solving

^ (np npo) np flpo _ Q

dx2 Dn Dprno

with boundary conditions

l>p-npo = npo(eqV/kT-l) at x=Xj+W

(4.25)

(4.26)

and
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_ ( _ \ j) (np npo) at x=H (4.27)

where W is the width of depletion region, H is the width of the entire cell 

attd Sa is electron surface velocity at back side of the cell. The electron 

current which diffuses to the edge of the depletion region is

J,,(xj+W)>= ,*Dn dx

q(l - r)<l>/vL„ _,>is +u) =---------—------- e J

sinh
H-x,-W S"L’> u 

+ ———cosh
H-Xi-W ® u^n \ x-—w)

T~] e^ n

S„L„
D„

sinh
H-X;-W

+cosh
H-Xi-W

qD„ni7,
sinh

£
1

►
r

i

X

S„L„ . H-Xj-W ■
: K j

+ cosh Ln J

S«»Ln .
^ smh 
P.n-

' H-Xj-W
Ln / J

+cosh
H-Xj-W ■

K J

(e-iv/kT-i)

(4.28)

The photocurrent generated in the space charge region can be written as

Jd = - e-”w) (4.29)

The total current J at a given wavelength X is then the sum of Eq.(4.24), 

(4.28) and (4.29).
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J — Jp + Jn + Jd (4.30)

If 4>0(X) is set to zero, J is then reduced to the conventional diode current 

equation as

J = J0 (eqV/kT- 1) (4.31)

where

J, =
gOpflio
LpNd

sinh
f

xi
,LpJ

SpLp
+ cosh XJ

LP )

cosh
SpLp . t

+ sinh
\

xj
. LP , DP Lp .

+
gOpPil 
LnNA

sinh
H-Xj-W ' , SnLa l H-Xj-W °

H- cosh
Dp Ln

SnLn . k '■H-Xj-W
+cosh

H-Xj-W
sinh

Dp
Ln j

Ln

(4.32)

The internal quantum efficiency, r/(X), of a photodiode is defined as the ratio 

of the number of free electron-hole pairs, produced by incident photons of 

wavelength X, that are collected before recombination, to the number of 

incident photons at the diode surface. Thus,

JL
g (1 - r) <1>0

(4.33)

where Jl is the light-generated current density. Jl is the sum of the terms 

in the braces in Eq. (4.24) and (4.28), and Eq. (4.29). Therefore, r/(X) can be 

written as
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o.L„
n2 L2- 1

SnLn SnLn >Xj X:
** +<>L — e ' P P cosh -f sinh —L

Dp P Lr, Lr J

—j^-sinh ii
L„ -f cosh

+ -a(Xj+W);
,2t 2L„-l

sinh
>L„ -

H-Xj-W
+—r—^cosh

H-Xj-W
D„

, / , SnLn v —o(H—X:—W)
+(“Ln—)e

SnLn H—X|—W 1 H X: W
_ sinh J H-cosh ___ l___
Dn K ]

+ e--i(l_e-«w) (4.34)

Figure 4.3 shows the measured internal quantum efficiency of a n+pp+ 

photodiode, compared with the theoretical calculation by Eq.(4.34). The 

emitter of this photodiode is formed by the double As implantation with 

dosage/energy of 6xl014 cm~2/40KeV and 2xl015 cm“2/70KeV on a 0.1 fl- 

cm p-Ge substrate. The device parameters in Eq.(4.34) are listed in Table



Table 4.1 Device parameters

Variable Value

Base p-Ge, 0.1 H—cm

Thickness 300 /im

Doping concentration 5xlOl8/cm3

Emitter

Junction Step

Junction depth 0.75 nm

Doping concentration 2xl019/cm3

Carrier lifetime for electrons, rn 5.5 n sec

Carrier lifetime for holes, rp 5 n sec

Surface recombination velocity 2x10® cm/sec
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Figure 4.3 Measured (□) and calculated (o) internal quantum efficiency of
an n+pp+ photodiode. The dashed lines are the three
components of the internal quantum efficiency expressed by Eq.
(4.34). The device parameters are shown in Table 4.1.
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4.1. Good agreement between the measured data and theoretical calculation 

is shown in the figure. The dashed lines in the figure illustrate the three 

components of the quantum efficiency in Eq.(4.34) contributed by the carrier 

collection from the emitter, base, and space charge region.

Figure 4.4 shows the effect of the emitter junction depth on the internal 

quantum efficiency. This figure shows that the quantum efficiency can be 

close to unity if Xj is reduced to 0.1 jim or less. Figure 4.4-6 also illustrates 

the change in the three components in the quantum efficiency due to a 

change of Xj. The high quantum efficiency in the shallow emitter diode (Fig. 

4.6) is due to the fact that most of the incident photons are absorbed in the 

base region where carrier lifetime is longer.

The surface recombination velocity affects the carrier collections, 

especially for those generated near the surface by the short wavelength 

radiation. Fig. 4.7 illustrates the quantum efficiency varies with the front 

surface recombination velocity Sp. This calculation indicates that the 

surface of the cell needs to be passivated to reduce the surface state density, 

and consequently, reduce the Sp.

We have demonstrated the usefulness of the analytical solution of 

internal quantum efficiency. This solution gives us quick information about 

the diode characteristics. In many semiconductor diodes, however, the 

doping concentration in the emitter is not constant, and the mobility fi and 

diffusion coefficient D vary with position as well. Therefore, computer 

simulation becomes a essential tool for any accurate description of diode 

characteristics.
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Figure 4.4 Calculated internal quantum efficiency of n+pp+ photodiodes 
with emitter junction depth Xj = 0.1 /im (o), xj = 0.2 /im (o), 
and Xj = 0.3 /im (a). The device parameters are shown in 
Table 4.1.
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Figure 4.5 Computed (□) internal quantum efficiency of an n+pp+
photodiode ■with Xj — 0.3 //m. The dashed lines are the three
components of internal quantum efficiency expressed by
Eq.(4.34). The diode parameters are shown in Table 4.1.
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Figure 4.6 Computed (solid line) internal quantum efficiency of an n+pp+
photodiode with Xj =0.1 fj-m. The dashed lines are the three
components of internal quantum efficiency expressed by
Eq.(4.34). The diode parameters are shown in Table 4.1.
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Figure 4.7 Computed internal quantum efficiency of an n+pp+ photodiode 
with S = 103 cm/sec (□), S = 105 cm/sec (O), and S = 106 
cm/sec (a). The device parameters are shown in Table 4.1.
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4.4. Surface Effects

As mentioned in the last section, the shallow junction depth in an 

n+pp+ is essential for high internal quantum efficiency, especially for the 

collection of carriers generated by the short wavelength photons. However, 

the crystal damage introduced during the implantation is high, which results 

in a decreased carrier lifetime This limits the maximum collection efficiency 

which can be achieved. An alternative approach to this problem is to use a 

n-type inversion layer induced by fixed positive charges in the Si02, In this 

device, the induced n+-layer region is damage-free so that carriers have 

longer lifetime. Also, the induced electric field helps to collect the photon- 

generated carriers and improves the collection efficiency.

The induced junction diode can be analyzed based on standard MOS 

theory [57]. Fig. 4.8 shows the charge distribution and the energy band 

diagram in the Si02-Ge region. Assuming a one-dimensional structure, the 

expressions of the charge density, the electric field, and the potential as a 

function of position in the induced junction diode can be obtained by solving 

Poisson’s equation. The Poisson’s equation is

d2V _ p 
dx2 Kse0

-3- (p - n + N„ - Na) (4.35)

It is convenient to introduce the dimensionless quantities U’s as

U(x) = [Ej(bulk) - Ei(x)]/kT (4.36)

UFn(x) « [Es(bulk) - EFn(x)]/kT (4.37)

UFp(x) = [Ei(bulk) - EFp(x)]/kT (4.38)
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Figure 4.8 (a) Charge distribution in an induced junction diode and (b)
energy band diagram near the surface.
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Us = [Ej(bulk) - Eis]/kT (4.39)

where E;(x), EFn(x), EFp(x), and Eis are the intrinsic energy level, quasi-Fermi 

level for electrons, quasi-Fermi level for holes, and the intrinsic energy level 

at surface, respectively. Therefore, the electron and hole concentrations can 

be expressed in terms of the U’s as

a(x)=nieluW-u-Wl (4.40)

and

pix) - (4.41)

We assume charge neutrality in the bulk of the device, i.e.

V (x=oo) = 0 = pbulk - nbulk + Nd - Na (4.42)

and, therefore,

,Nd — “ libalk ” -Pbulk

= — 2 n; sinh(UFp) (4-43)

where we have assumed UFn = UFp at x = oc. Substitute Eq.(4.43) into 

(4.35) and normalize the potential V, Eq.(4.35) becomes

d2U(x) _ _2_ 
dx2 Lr>

+ 2nj sinh(UFp) ] (4.44)

where Lp is the intrinsic Debye length and is defined as

Ln —
kTe0Ks

2q2ni

%

Multiply by dU
dx

on both sides of the Eq.(4.44) and use

(4.45)
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dU d
/' \

dU _ J_ _d_ ' dU ’
dx dx dx\ / 2 dx dx

together with the boundary conditions E=0 and U=0 at x=co, to get

+ 2U(x) sinh(UFp) f (4.46)dU(x) 2 = -L { e~Vp"
eu(x)_ x + eU^ e-U(x)_ l

dx

The electric field E(x) in the semiconductor can be expressed as

UFn,UFp,U(x)E(x) = F
ld

(4.47)

where

F UF.,Ufp.U(x) -u,Fn + eU"> e-U(*)„ !
1*

2U(x) sinh(UFp) | (4.48)

The variable x can be obtained by integrating Eq.(4.47) as

dU'(x)U(x)
x = ld I -

u3 F
(UFp,Uf„U'(x)] (4.49)

The total charge in the Si02-Ge system should be

Qf + Qn + Qb + Qg = 0 (4.50)

where Qf is the fixed charges in the Si02, Qn is the inversion charge at 

surface, QB is the depletion charge, and 0G is the induced charge at Si02 

surface (see Fig. 4.8). If the Si02 is thick enough, QG can be neglected [46]. 

Therefore,
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Qf — ~ (Qn + Qb)

>From the Gauss’s law,

Qf

Kse0

i.e.,

Qf =
kT Kse0

F[UFn,UFp,Us

(4.51)

(4.52)

(4.53)

Eq. (4.40), (4.41), (4.47), (4.49), and (4.53) are the complete descriptions of 

the induced junction diode. The results of the theoretical calculations under 

low-level injection condition, shown in Fig. 4.9-11, indicate that induced 

junction diodes typically have shallow junctions (~ 0.2 /im, Fig. 4.9), high 

inversion carrier concentration (Fig. 4.10) and high electric field at the 

surface (Fig. 4.11). This calculation is based on Us = 12 which corresponds 

to a fixed charge density of 1.85xlOn/cm2.

4.5, Summary

In this chapter, we have described the mechanisms which govern the 

internal quantum efficiency. A analytical expression of quantum efficiency 

for constant doping in the emitter and base region was derived. The 

theoretical calculation indicates that a shallow emitter and passivated 

surface are essential for a high quantum efficiency n+pp+ photodiode. The 

high electric field in a direction to aid the collection of carriers, plus the 

damage-free shallow emitter make the induced junction cell better able to 

tolerate low carrier lifetime and high surface recombination velocity than 

the n'f'pp+junction cells.
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Figure 4.9 The normalized potential as a function of position with Us = 
12. The dashed line is the Fermi level.
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Figure 4.10 The electric field as a function of position with Us = 12.
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Figure 4,11 The normalized electron carrier concentration as a function of
position with Us = 12.
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CHAPTER V

DESIGN CONSIDERATIONS

5.1. Introduction

In this chapter, the design of an optimal germanium photodiode for 

radiometric applications is discussed. The main concerns are to have low 

leakage current which will reduce the noise, and high quantum efficiency. 

Small series resistance is also desired for diodes operating under high 

intensity flux conditions.

5.2. Leakage Current

For an ideal diode, the dark current density can be written as

J = 1) (5.1)

where J0, in the simplest case of no heavy doping effects, constant doping, 

and long emitter and base width, is

qPjoDp qnlPn 

NpLp NaL„
(5.2)

One would expect J0 to decrease as the doping concentrations of the two 

sides of the junction are increased. However, as the doping density is
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increased, other parameters become adversely affected. The diffusion lengths 

are reduced in heavily doped regions because of reductions in lifetime and 

mobility. The reduction in mobility is due to the increase of impurity 

scattering of carriers. As a result, the diffusion coefficient decreases 

accordingly. The lifetime is dependent on doping level and free-carrier 

concentration. In heavily doped regions, the lifetime can be dominated by 

Auger recombination.

Band gap narrowing (BGN) becomes significant in heavily doped 

regions. The intrinsic concentration njo in Eq.(2) needs to be replaced by n^ 

'■where .

(5.3)

where Ag is the effective band gap narrowing for various heavy doping 

effects [47]. Heavy doping effects can result in an increase in n^ of an order 

of magnitude or more.

In practical diodes, it is necessary to make trade-offs among parameters 

in order to obtain optimal devices. Usually the emitters are doped heavily to 

reduce the series resistance and base regions are doped intermediately to 

improve minority carrier lifetime.

6.3. Quantum Efficiency

Quantum efficiency is the single most important photodiode parameter 

for radiometric applications. As mentioned in chapter IV, with quantum 

yield Y(X,x) set to 1, the internal quantum efficiency is
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H
rj(\) = fa(\)e-0WxP(x) dx 

0

x• jj
= /a(X)e-"WxP(x) dx + /a(X)e-''WxP(x) dx (5.4)

o : . Xj

where H is the thickness of the diode and P(x) is the collection efficiency. 

Eq.(5.4) shows that the internal quantum efficiency depends on many 

parameters, such as the thickness, H, of the device, the absorption 

coefficient a, the emitter junction depth Xj, and the collection efficiency P(x), 

therefore, the carrier lifetime. We shall examine these parameters and 

determine how to optimize the design for maximum ?/(X).

5.3.1. Device Thickness

First we need to have H large enough to absorb most of the radiation. 

Germanium is an indirect band gap material. As a consequence, the 

absorption coefficient a(\) of the band edge absorption (\~1.8 (im) increases 

relatively slowly compared with that of direct band gap material (see Fig. 

2.1). Relatively thick germanium must be used to absorb this radiation. 

For the X from 0.7 tO 1.5 fim where the absorption coefficient is larger than 

5xl03 cm-1, over 99.99% of the radiation is absorbed after propagating 20 

fim into germanium. However, for the X greater than 1.6 yum where the 

absorption coefficient drops to below 100 cm-1, part of the photons will 

transmit through the device. Usually, for fabrication convenience, the 

thickness of the wafer is much thicker, typically 250 - 300 ^m. This 

thickness guarantees nearly total absorption of radiation over the 0.7 to 1.5 

/im wavelength range.
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5.3.2. Collection Efficiency P(x)

Collection efficiency can be improved by reducing the loss of free 

carriers. The carrier losses due to recombination may occur at the front 

surface, in the emitter, or in the base region.

5.3.2.1. Front Surface

The imperfections on the surface of semiconductor serve as the source 

of generation-recombination centers. If the density of such states is 

Nss cm-2, the recombination rate at the surface can be described in terms of 

a surface recombination velocity

S = <r,vthNM (5.5)

where <rs is the capture cross section of surface states, and vt^ is the thermal 

velocity of the carriers. The value of S is extremely sensitive to surface 

conditions. Among various surface treatments, thermal oxidation has been 

proved to be advantageous in device stability and performance [48]. Ge02- 

Ge surfaces have attracted less attention than, say Si02-Ge because the 

water solubility of GeOz prevents its use as an effective passivation agent. 

Chemically vapor deposited Si02 can be used as a passivation layer.

5.3.2.2. Emitter

The emitter of a n+pp+ diode may be formed by implantation, using a 

high energy ion beam of the dopant. The use of implantation techniques has 

several advantages over the traditional diffusion method. For example, the 

beam energy can be used to control the depth of the p-n junction,; and the
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ion dosage concentration can be used to control the doping profile. The 

implantation produces considerable damage in the implanted areas so that 

the sample must be annealed after implantation.

Usually, the emitters are doped heavily to reduce the series resistance. 

As a consequence, heavy doping effects, plus the damage due to the 

implantation, severely degrade the collection efficiency in the emitter. 

Therefore, the contribution from the first term in Eq.(5.4) to the internal 

quantum efficiency is small because of small P(x). In order to improve the 

total quantum efficiency, a shallow emitter junction is used. In the shallow 

emitter diode, a larger fraction of the carriers are generated in the base 

region and, therefore, have better chance to be collected. The calculations 

in chapter IV demonstrated that the emitter junction depth must be 0.1 /im 

or less to be suitable for the use as an self-calibrating detector.

$.3.2.3. Base

Shockley-Read-Hall recombination is the most dominant recombination 

process in the base region. The choice of the base resistivity is determined 

by the relations between carrier lifetime, junction depth, base thickness, and 

leakage current. In general, high resistivity substrates are desired for our 

work. The minority carrier lifetime in the base region is high due to the 

lightly doped substrate. In addition, the breakdown voltage of this diode is 

also high. The high breakdown voltage gives us one additional degree of 

freedom to operate the diode. Under reverse biased conditions, the high 

electric field in the space charge region helps to sweep the photogenerated 

carriers to the depletion edge and where they can be collected.
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A lightly doped substrate is desired for the induced junction diode as 

well. It is easier for the fixed positive charges in the Si02 to induce a n-type 

inversion layer on a lightly-doped substrate.

5.3.2.4. Back Surface

In silicon photovoltaic devices, the presence of a minority carrier block 

built-in field at the back surface of a conventional diode immensely enhances 

the tell performance [49], This back-surface-field (BSF) is formed by a 

high-low junction. The electric field created by the high-low junction will 

direct the minority carriers toward the depletion region, and reduce the 

carrier recombination at the back surface. This process, consequently, 

increases the collection efficiency. The high-low junction is most effective in 

a thin base device where the minority carrier diffusion length is much larger 

than the base width.

In our work, ion implantation is used to form a thin p+ layer at the 

back surface of the germanium photodiodes. This p-p+ junction reduces the 

surface recombination velocity of minority carriers and also provides a good 

ohmic contact for majority carriers.

5.4. Summary

In order to obtain an absolute radiometric detector, a careful design of 

the photodiode is necessary. Basically, the design has to minimize minority 

carrier loss in the device. The device must be passivated to reduce the 

recombination at the front surface. At the back surface, a high-low junction 

is needed to form a potential barrier for the minority carriers. A shallow
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emitter is essential also for a high quantum efficiency cell. A high resistivity 

substrate is used because of the high carrier lifetime in the lightly-doped 

material. In the next chapter, the fabrication processes needed to 

implement these design principles are discussed.
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CHAPTER VI

FABRICATION OF GERMANIUM PHOTODIODES

6.1. Introduction

In this chapter, the fabrication procedures for Ge photodiodes will be 

discussed; The fabrication processes required the adaptation of existing Si 

planar monolithic techniques to germanium. Nearly every step required 

some special adaptation to make the process suitable for use on a 

germanium device.

6.2. Wafers

The Ge wafers were are p-type, (111) orientation, 2" in diameter and 

have resistivities ranging from 0.1 to 40 H-cm. The thickness of the wafers 

is about 300 /im, which is thick enough to ensure total absorption over the 

wavelengths of interest. The wafers were chemically and mechanically 

polished. Both sides of the wafers are polished.

6.3. Photolithography

Photolithography is the process of transferring a specific patterns to the 

surface of a semiconductor wafer. These patterns define various parts of the 

device, such as the impurity doping areas and metal interconnections.
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In our work, the mask patterns were drawn using the graphic software 

CMASK. These patterns were then reduced to the actual size and 

transferred to photosensitive glass plates. In the photolithographic process, 

photoresist is applied to define the specific patterns. KTI negative 

photoresist and AZ1350 positive photoresist were used for this purpose.

6.4. Oxidation

Imperfections on the Ge surface serve as the source of the generation- 

recombination centers. The surface condition can be characterized by the 

surface recombination velocity, S. The value of S is extremely sensitive to 

surface conditions. Therefore, surface passivation is very important for the 

device performance. In silicon devices, a thin film of Si02 is used very 

successfully to passivate the surface. Finding a suitable passivating film for 

germanium was a key issue in this work. This passivation film is also used 

as an insulating layer, as a diffusion and ion-implantation mask, and as a 

capping layer Over the doped region to prevent outdiffusion during thermal 

annealing cycles.

GeC)2 has the serious disadvantage of being somewhat water soluble. It 

causes unstabilities in the cleaning and etching steps necessary for planar 

fabrication techniques. This undesired property also prevents its use as an 

effective passivation agent because of the presence of moisture in the 

atmosphere.

Many films, including Si02, Si3N4, A1203 and combinations of these 

materials have been the subject of intensive studies by many researchers 

[50]. These films were compared with respect to their etch rate, dopant
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masking capabilities, mechanical stress, and oxygen and water permeability. 

Si02 has proven to have the most favorable properties. Si02 is effective not 

only for masking against ion implantation, but also in reducing the surface 

state density at the Si02—Ge interface.

There are two prime candidates for Si02 deposition on Ge: sputter 

deposition and chemical vapor deposition (CVD). Many of the other 

technique which as used to deposit or grow Si02 on Si are not appropriate to 

deposition on germanium.

6.4.1. Sputtered Si02

The sputter deposition is undertaken at room temperature using an ion 

mill technique. This film is uniform over the entire wafer. However, there 

are several disadvantages which limit its application:

(1) The growth rate of the sputtered film is low. The typical 

deposition rate is less than 100 A/min. It takes about 90 minutes
o

to grow a 8000 A film, the thickness is required to effectively mask 

the ion implanted impurities. This slow throughput will seriously 

limit its application in production.

(2) A complicated mixture of Si, Ge, and O is formed at the Si02-Ge 

interface. This Si-Ge-0 mixture is difficult to etch and produces 

severe problems in processing, such as the Si02 undercutting and 

photoresist lifting. It was found that the problem can be resolved 

by depositing a layer of CVD Si02 between the Ge substrate and 

sputtered Si02.
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6.4.2. Chemical Vapor Deposition (CVD)

Many other methods are available for the deposition of Si02 films. 

However, CVD techniques are most frequently used in semiconductor 

processing because of the relative ease of deposition and the high quality of 

the resulting films.

The deposition of Si02 by reacting dichlorosilane with nitrous oxide at 

900°C at low pressure is given by [51]

SiCl2H2 + 2N20 —► Si02 + 2N2 +2HC1

This method gives excellent quality Si02 with good uniformity. However, 

since the reaction takes place at 900°C, which is too close to the melting 

point of Ge (95G°C), this method was not used.

The decomposition of tetraethoxysilane, Si(OC2H5)4, abbreviated as 

TEOS, in a low pressure reactor is another common technique for depositing 

Si02 films [52]. The processing takes place at 650 to 750°C with the 

following reaction

Si(OC2H5)4—► Si02 + by products

The advantage of TEOS deposition are excellent uniformity, conformal step 

coverage, and good film quality. The disadvantages are the high- 

temperature process and liquid source requirements.

In this work, the Si02 films were formed by reacting silane and oxygen 

at a temperature of 400°C. The main advantages of the silane-oxygen 

reaction are the relatively low deposition temperature, and the fact that the 

deposition can be carried out at atmospheric pressure. The Si02 layer is 

formed on the surface of a wafer which is placed on a hot plate and heated



to about 400°C. The chemical reaction is as following:

SiH4 (gas) + 202 (gas) —► Si02 (solid) + 2H20 (gas)

The deposition rate is a function of the silane partial pressure. The
O M

deposition rate is around 1000 A/min.

6.4.3. Si02-Ge Interface

At the germanium-silicon dioxide interface, the material composition of 

the interfacial region is single-crystal germanium, covered by the amorphous 

Si02. Various charges and traps are associated with this transition region.

The imperfection of the crystal structure at the Si02-Ge interface 

produces surface states and affects the ideal characteristics of the device. 

These states are located in the energy bandgap of germanium, and can 

exchange charge with germanium thus acting as carrier recombination 

centers. These states come from several sources, including structural defects 

and metal impurities. A CV measurement technique is typically used to 

determine the density of surface states [53].

Studies of fixed charge, Qf, have been concentrated on the Si02-Si 

interface. It has been suggested that excess silicon or deficient oxygen that 

results from a nonstoichiometric silicon-oxygen structure at the Si02-Si 

interface is the origin of the fixed oxide charge [54]. Only a few studies have 

been done on the Si02-Ge interface. However, by analogy, it is quite 

possible that, at the Si02-Ge interface, the fixed charge is the result of the 

excess germanium and/or silicon in the Si02 which is formed during the 

CVD oxidation and/or post-implant anneal. Typical values of Qf range from 

3xl0n/cm2 to 8xl012/cm2 [50,55,56].

65
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In the present work, we have not attempted to maximize Qf of the 

induced junction photodiode. The following information about the fixed 

oxide charge at Si02-Si interface [54,57] may be helpful in the future study 

of SiOrGe interface:

(1) Q| is fixed positive charge, very close to the Si02-Si interface. It 

cannot be charged or discharged.

(2) Qf is independent of the oxide thickness, the semiconductor doping 

concentration, and the semiconductor doping type.

(3) Its value is a function of substrate orientation, the final oxidation 

and the anneal conditions.

6.5. Ion implantation

The p+ channel stop and n+ emitter (see Fig. 6.8) are formed by ion 

implantation. The use of implantation techniques has several advantages 

over the traditional diffusion method. In the ion implantation process, the 

doping parameters can be precisely controlled. For example, the beam 

energy can be used to control the depth of the p-n junctions, and the ion 

dosage concentration can be used to control the doping concentration.

6.5.1. Implantation Impurities

For a high quantum efficiency n+pp+ photodiode, a shallow n+ emitter 

region is essential. Arsenic ions (+As75) which is relatively large and heavy 

has a small projected range Rp [58] when implanted into a Ge substrate. 

Small Rp yields a shallow n+ junction. Since the diffusivity coefficient of As 

in Ge is relatively small (~ 4xl0-13 cm2/sec at 700°C), the arsenic layer can



67

be annealed at a high temperature with very little change in doping profile. 

Therefore, As is suitable for the shallow emitter dopant.

Phosphorus can be used as a n+ dopant for a deep junction because of 

its light atomic weight and deeper projected range Rp [58]. However, in 

heavily phosphorus-doped Ge samples, post-implant anneal caused cracking 

on the surface. Dislocations are probably caused by the misfit of the 

germanium and phosphorus atoms in heavily doped samples. The cracking 

results in the high leakage currents. Phosphorus cannot be used in 

radiometric diodes. Therefore, arsenic was used as the n+ impurity for both 

deep and shallow junctions.

Boron is used as the p+ dopant for the channel stop on the front 

surface and high-low junction on the back of the device. Since B+ 

implantation at room temperature does not produce amorphous layers, high 

temperature annealing is required to break the Ge-Ge bonds for activating 

boron. In addition, the channeling effect is more severe for the light B+ ion. 

This problem can be alleviated by using the molecular species BF3 [59]. The 

heavy BF3 ion creates an amorphous zone in the bombarded areas, and the 

disassociation of the B and F in BF3 upon the atomic scattering gives a low 

energy boron dosage and thus shallow junctions.

6.5.2. Implantation Annealing

The ion implantation process produces considerable lattice damage. 

This damage results in a degradation of material parameters such as 

mobility and minority carrier lifetime. In addition, only part of the 

implanted ions reside in the substitutional sites where they are electrically
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active. Complete recovery of lifetime, mobility and carrier activation could 

be achieved by melting the semiconductor so as to return to its single- 

crystalline state. Practical thermal anneal cycles can only partially remove 

the lattice damage. Therefore, the minority carrier lifetime in the implanted 

region is much shorter than that in the base region.

In the fabrication of a germanium diode, the post-implantation anneal 

is essential to bring the impurities to the proper lattice sites. We use a 

conventional thermal anneal in our work. The samples are placed in the 

furnace at 700°C for 20 minutes in an Argon ambient. Before the anneal, 

the samples were capped with a Si02 layer to prevent impurity outdiffusion. 

The results of this approach will be shown in the following section.

6.5,3. Implantation Diagnosis

Several techniques have been developed for monitoring the impurity 

profiles and activation of implanted semiconductor samples. Rutherford 

Backscattering Spectroscopy (RBS) and Secondary Ion Mass Spectroscopy 

(SIMS) are the most commonly used for the depth profiles of the impurity 

concentration. Since these two techniques are not available to us, we used 

spreading resistance and four-point-probe measurements to obtain the 

doping profiles and monitor the impurity activation instead.

6.5.3.I. Spreading Resistance Technique

The spreading resistance technique is a method used to obtain 

quantitative measurement of the local resistivity of semiconductor material. 

If the carrier mobility is known, a corresponding impurity concentration cap 

be calculated. This technique is very sensitive to local impurity
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concentrations, therefore, high spatial resolution is obtainable. However, 

this measurement must be evaluated through the use of a calibration curve 

produced by making spreading resistance measurements on samples of 

known resistivity and doping.

In a spreading resistance measurement of a doping profile, an ion 

implanted sample is bevelled at a small angle to the original surface. The 

measurement profiles are obtained by stepping the probe points from the 

surface down to the substrate. For a bevelled sample, the calculation of the 

corresponding dopant profile is complicated. Usually a multilayer model is 

assumed and numerical analysis is used to deduce a dopant profile [60].

Fig. 6.1-5 show the spreading resistance measurements on samples with 

different background concentration and ion implantation conditions. The 

samples were subjected to a thermal anneal at 700°C for 20 minutes after 

the implantation. During the anneal, the samples were capped with Si02 to 

prevent impurity outdiffusion. These figures show that arsenic implanted
' i ' ' ■

with energy of 70 Kev produces a junction depth of 1.2 fxm which is suitable 

for the deep n+ region underneath the metal contacts. For shallow junctions 

of 0.5’//m or less, however, the implant energy has to be less than 35 Kev. 

All the spreading resistance measurements were conducted by Solecon 

Laboratories.

6.5.3.2. Four Point Probe Technique

The only readily available tool for monitoring the thermal annealing 

process in our lab is the four-probe sheet resistivity measurement. The sheet 

resistance Rs is given by
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Measured carrier concentration profile of implanted arsenic
with dosage/energy of 2xl015 cm~2/70 KeV and
6xl014 cm~2/40 KeV on a 0.1 f2-cm germanium substrate.
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Figure 6.2 Measured carrier concentration profile of implanted arsenic
with dosage/energy of 5xl015 cm-2/70 KeV on a 0.5 H-cm
germanium substrate.
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Figure 6.3 Measured carrier concentration profile of implanted arsenic
with dosage/energy of 5xl015 cm_2/70 KeV on a 1.0- H-cm
germanium substrate.



73

I i i

0.0 0.5 1.0 1.5 2.0

Depth m>

Figure 6.4 Measured carrier concentration profile of implanted arsenic
with dosage/energy of 5xl015 cm 2/70 KeV on a 2.0 fi-cm
germanium substrate.
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Figure 6.5 Measured carrier concentration profile of implanted arsenic
with dosage/energy of 5xlQ15 cm~2/35 KeV on a 2.0 fl-cm
germanium substrate.
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R, = 7 CF (6.1)

where I is the forcing current in two outer probes, V is the measured voltage 

drop across the two inner probes, and CF is the correction factor. This 

constant is a function of sample size, shape and the probe spacing [61].

For a given doping profile, the sheet resistance is related to the junction 

depth Xj, the carrier mobility fx, and the impurity concentration N(x) by the 

following expression:

R,= —---- —---- :------- (6-2)

q f //[N(x)l N(x) dx

The N(x) in Eq.(6.2) is a function of the impurity concentration in 

substitutional sites. Therefore, the four point probe sheet resistance 

measurement provide a simple means of checking the degree of the electrical 

activation in implanted samples after thermal annealing.

Several samples with different resistivity and implant conditions were 

prepared for annealing experiments. The impurity activation was monitored 

by the four-point-probe measurement. The results are shown in Fig. 6.6. 

Together with the spreading resistance measurement, the percentage of the 

impurity activation can be estimated. With the 700°C for 20 minutes 

thermal annealing, more than 50% of the impurities have been activated.

6.6. Metalization

Metalization brings the internal electrical properties to the outside 

world. High quality metalization requires low-resistance interconnections, 

and low-resistance contacts to n+ and p+ semiconductors. In addition, the
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Figure 6.6
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Sheet resistivity versus anneal temperature for arsenic implants 
with dosage/energy of 5xlG15cm-2/70KeV on 2 fi-cm (□), 
5xl0iScm“770KeV on 1 fircm (o), 5xl015cm“2/70KeV on 0.5 
H-cm, (A), 2xl015cm~2/70KeV and 6xl014cm-2 /40KeV on 0.1 
fi-cm ( Y), germanium substrate.
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metal adherence should be high , and electromigration and corrosion should 

be low under use.

In our research, a three layer Ti/Pd/Ag metal is used for the inter­

connections. The Ti makes a low resistance ohmic contact to the 

germanium and the Ag provides electrical conductivity. The Pd in the 

middle is to prevent an electrochemical reaction that takes place between Ti 

and Ag in the presence of moisture. This is the conventional metal contact 

system used in high quality silicon solar cells. The ion beam sputter 

technique is used for metal deposition.

6.6.1. Sputtering System

The sputtering system used’ in our research is the Commonwealth 

Scientific Ion Millitron II, the ion beam milling and coating system. The ion 

mill has the capability of sputter coating and etching in the same low 

pressure chamber. In this system, ionized Argon gas (Ar+) is accelerated to 

a high energy and bombards a metal target which is located in a low 

pressure chamber. Through the momentum transfer, the surface of the 

target atoms become volatile, and are then transported to the substrate 

surface. Sputter metalization is a clean process and the thickness of the 

metal layer can be precisely controlled. The sputtering rate can be 

controlled by the ion beam current and the duration of the deposition. A
o .

typical metal deposition rate is about 60 A/min.
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6.6.2. Deposition Procedures

The germanium substrate is cleaned before being placed in the 

deposition chamber. Any residuals remaining in the contact window areas 

will degrade the metal adhesion and increase contact resistance. The most 

common cleaning process involves the use of buffered HF to remove the thin 

residual oxide, followed by an extensive DI water rinse and N2 blow dry. 

The substrates are loaded into the ion mill chamber shortly after the 

cleaning process.

Prior to the metal deposition, the accelerated Argon gas is directed to 

the Substrate for a short period of time (typically, 30 seconds). This process 

is referred to as the sputter etching. Sputter etching may further remove 

the residual film from contact'‘window areas and enhance the contact 

between the metal and germanium.

The metal patterns are defined by a lift-off process. This process is 

attractive if an unusual alloy is used. In lift-off the inverse pattern is 

formed by lithography using AZ1350 positive photoresist, followed by a 

metal deposition. The whole wafer is then immensed into a warm acetone 

solvent and the undesired metal will be lifted off the wafer and only the 

desired metal will remain.

6.6.3. Post-metalization Annealing

A potential barrier may still exist between metal and germanium after 

the metalization. This potential barrier may be due to a thin layer of Ge02 

resulting from the deionized water rinse and exposure to air. This barrier 

increases the contact resistance and, sometimes, degrades the device
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performance. A high temperature anneal to form the metal-semiconductor 

alloy can remove this barrier. Fig. 6.7 shows the of IV characteristics of a 

diode before and after the anneal. A Schottky barrier at metal-germanium 

interface is evident as shown by the "kink" on the IV curve at V=0 (see Fig. 

6.7(a)). However, after 5 minutes at 400 °C in the Argon ambient, the 

barrier is completely removed (Fig. 6.7(b)).

6.7. Photodiode Design

Fig. 6.8 and 6.9 show the cross section of the n+pp+ and induced 

junction germanium diodes, respectively. In the conventional n+pp+ 

photodiode, the ion implanted arsenic is used to form the shallow emitter 

active region. In the induced junction photodiode, the fixed positive charge 

in the Si02 induces an n-type inversion layer on the lightly-doped p-type 

substrate. The boron-implant p+ channel stop prevents lateral current flow, 

and the p+ layer on the back of the device forms a high-low junction. CVD 

Si02 is used for passivation and as an ion implantation mask. A three layer 

Ti/Pd/Ag metal is deposited, using ion mill techniques, for a low resistivity 

contact. The n+ regions under the metal contacts are implanted deeply 

(about 1.5 /im) to prevent metal-substrate shorting.

Fig. 6.10 is the top view of the diode and various test cells used for 

device characterization. The area of the active region in the photodiode is 

2 x 2 mm. All the test results of the photodiode will be shown in the next 

chapter.
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Figure 6.7 (a) Before and (b) after the 400°C post-metalization anneal.
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Figure 6.8 Cross section of an n+pp+ diode.
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Figure 6.9 Cross section of an induced junction diode.
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6.8. Test Cells

Several test devices are fabricated along with the photodiodes. Fig.

6.11 shows the top view of these devices. The MOS capacitors and the MOS 

transistors can be used to monitor the quality of Si02-Ge interfaces. The 

four-contact resistors are used to measure the contact resistance and 

resistivity of implanted impurities. The diodes of various sizes and 

structures are useful to the design of the cell. All the information gathered 

from these test devices are valuable, especially in the development of the 

fabrication procedures.

6.9. Summary

In this chapter, the fabrication procedures of a germanium photodiode 

were discussed. P-type germanium was chosen for the starting material. 

Silane-oxygen CVD Si02 was used to passivate the surface. The n+-p 

junction was formed by the ion implantation, followed by the thermal 

annealing to activate the impurities. The metalization was accomplished by 

ion milling deposition and a lift-off process. Finally, a post-metalization was 

carried out to ensure ohmic contact. The detailed fabrication procedure is 

listed in the Appendix A.
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Figure 6.10 Top view of the photodiode.
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CHAPTER VH

MEASUREMENTS AND RESULTS

7.1. Introduction

In this chapter, the electrical and optical properties of n+pp+ implanted 

junction and induced junction diodes will be studied. The electrical tests 

were Conducted in our lab at Purdue University, and the optical tests in the 

optical lab at the University of Arizona and at the National Bureau of 

Standards.

7.2. Electrical Measurements

The I-V characteristics were measured using a HP4151A Semiconductor 

Parameter Analyzer which is a fully automatic instrument designed to 

measure, analyze, and graphically display the DC parameters and 

characteristics of diodes and transistors.

7.2.1. Dark Current Measurements

The cross sections of an n+pp+ and an induced junction photodiode are 

shown in Fig. 6.9 and Fig. 6.10 respectively. The top view of the cells is 

shown in Fig. 6.11. The major difference between these two diodes is in the 

active region. For the conventional n+pp+ photodiode, the active region is
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formed by a shallow n+ ion implantation. In the induced junction cell, the 

n+ layer in the active region is formed by surface inversion due to positive 

fixed charges near the Si02—Ge interface.

Typical dark .I-V characteristics of an n+pp+ cell and an induced 

junction cell are shown in Fig. 7.1 and 7.2 respectively. These particular 

diodes were fabricated on a 2 fi-cm, p-Ge wafer with (I'll) orientation. The 

fabrication procedures were described in chapter VI. the reverse current is 

about 18 pA and 15 /iA at -5 volt for the n+pp"f and induced junction diode, 

respectively. The higher current observed in the n+pp+ diode can be 

explained as follow. There are two components in the saturation current 

(see Eq.(5.2)). The minority carrier currents in the base are comparable in 

these two diodes. This is because the inversion layer in the device forms a 

n+p junction similar to that of a implanted diode. However, in the n+ppt 

diode, the short hole diffusion length in the n+-emitter increases the hole 

current and therefore, increases the total saturation current.

For a diode with step junction approximation, the dark current can be 

written as

(7.1)

where n is the ideality factor and Rs is the series resistance. I0, in the 

simplest case of no heavy doping effect, is given by

x (area) (7.2)

where nio, Dp, Dn, Lp, Ln, ND, and NA are defined in chapter four.

qPjoDp qnj^Dn

N'l>4 N*L.

1 = 1. exp a-(V -IR,) -1]
nkT
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Figure 7.1 Dark I-V characteristic of an n+pp+ diode.
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Figure 7.2 Dark I-V characteristic of an induced junction diode.



90

The saturation current I0 is a function of doping concentration NA and 

Nj), and the minority carrier diffusion length which itself is a function of the 

doping concentration. Fig. 7.3 shows the saturation current distribution of 

10-20 diodes from each wafer versus the substrate resistivity. The low 

substrate resistivity cells have low saturation current which is good for S/N 

ratio. However, the shorter carrier lifetime in low resistivity substrates 

reduced the quantum efficiency of the photodiode. It is found in our work 

that the photodiodes of 2 11-cm substrate have a moderate saturation 

current and by far the highest quantum efficiency. This is true in both of 

the n+pp+ and induced junction photodiodes.

7.2.2. I8C-Voc Measurements

The I-V characteristics for the illuminated diodes can be written as

I = II - Io

where IL is the light generated current. To eliminate series resistance 

effects, the open circuit voltage Voc and short circuit current Isc were 

measured by varying the illumination intensities. At open circuit voltage, 

Voc, where the total current is zero, Eq.(7.3) can be written as

k - Isc = Io ” !] (7-4)

In a log(Isc)-Voc plot, the intercept with the current axis gives the value of IQ, 

and the slope of the curve gives the ideality factor n. The ideality factor n 

of 1.05 for n+pp+ diode, and 1.1 for induced junction diode are shown in Fig.

7.4 and 7.5. They are very close to the ideal case of 1.0.

exp l
nkT

(V-IRJ]-1 (73)
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Figure 7.3 Saturation currents of n+pp+ photodiodes as a function of 
substrate resistivity.
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Figure 7.5 Isc—Voc and. forward current of an induced junction diode.
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7.2.3. Series Resistance R, Measurements

The series resistance of a photodiode can arise from the resistance of 

the base region, the sheet resistance of the thin emitter, and the front and 

back contact resistance. The base and emitter resistance can be estimated 

by a four-point probe measurement. This technique is also used to monitor 

the post-implant anneal.

The metal-semiconductor contact resistance can be estimated by a 

four-terminal test resistor shown in Fig. 7.6. The four contacts are equally 

separated by a distance /. R/, the resistance between two contacts, and Rc, 

the contact resistance at the contact window, can be measured by forcing a 

known current between two contacts and measuring the voltage between 

these contacts. If Rt is measured by forcing a current between contact 1

and 4, and R2 is measured in a similar fashion using contact 2 and 3, R; and

Rc can be determined by

R, = y (R, - R2) (7.5)

and

Rc = y(3R2-R1) (7.6)
4

The typical contact resistivity of the Ag/Pd/Ti-Ge system is 

3.6xl0-4 fi—cm2. This contact resistivity contributes less than 1 II to the 

total series resistance of the Ge photodiodes fabricated in this study,

Fig. 7.4 and 7.5 shows the effect of series resistance on the I-V 

characteristics. As shown in Fig. 7.4 and 7.5, the forward I-V characteristics 

are displaced from the Isc—Voc curve indicating the presence of a high series
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Figure 7.6 Cross section of a four-terminal resistor for contact resistance 
measurements.
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resistance in the cell. The high Rs is a result of the shallow n+ emitter. The 

Rs shown in the figures is 15 0 for the n+pp+ diode and 15.5 H for the 

induced junction diode. High series resistance may cause significant resistive 

voltage drop under high intensity illumination. This voltage drop has little 

effect on the n+pp+ diodes. However, for the induced junction diode, the 

voltage drop on the surface forward biases the inversion layer and, therefore, 

reduces the quantum efficiency. We will demonstrate this effect by using a 

computer simulation in the next chapter.

7.2.4. CV Measurements

The C-V measurements were made on the MOS capacitors fabricated 

along with the induced junction cells (see Fig. 6.11). The high frequency CV 

measurement is shown in Fig. 7,7. This capacitor was fabricated on a 

germanium Substrate with a background concentration of 1016/cm3. The 

thickness of the Si02 layer is 2830 A and the area of the capacitor is 

5.625X10-2 cm2. The dashed line in Fig. 7.7 represents the theoretical curve 

obtained for this MOS capacitor [57]. The curve is shifted to the left along 

the voltage axis to match the experiment value at fiat-band. This CV 

measurement shows that the surface is inverted at zero gate voltage and the 

threshold voltage is about -35 volts. The Qf/q is estimated to be around 

3.77xl0u/cm2, assuming all the shifting is caused by the fixed charges in the

Si02.

The stretchout in the measured CV curve indicates the presence of a 

large surface state density. As mentioned before, these states act as the 

carrier recombination centers and affect the ideal characteristics of the 

devices.
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Figure 7.7 The measured high frequency MOS CV characteristic (solid 
line). The device was fabricated on a NA = lxl016/cm3 
germanium substrate with an oxide thickness of 2830 A and an 
area of 5.625xl0-3 cm2. The dashed line is the ideal CV curve 
and is shifted to the left along the voltage axis by 48.5 volts.
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7.2.5. MOS Transistor Measurements

The IV characteristics of a MOS transistor also reveal evidence of the 

surface inversion. Fig. 7.8(a) is the top view of test transistors with a gate 

width of 200 /Urn and gate length of 20, 40, 80, 160, and 320 pm, respectively. 

Fig. 7.8(b) shows the IV characteristic of a MOS transistor with 160 pm gate 

length fabricated on a 40 fl-cm Ge-substrate. At zero gate voltage, the 

transistor was turned on by the fixed charges in the Si02, and turned off by 

a gate voltage of -10 volts. The 1 mA current at Vg=-10 V is the leakage 

current from drain and source of the transistor.

7.3. Optical Measurements

The primary objective of this work is to design and fabricate a self- 

calibrating radiometer operated over the 0.7 to 1.5 pm wavelength range. 

The quantum efficiency is the single most important characteristic of a self- 

calibrating radiometric diode.. This application requires the quantum 

efficiency of the photodiode be within a few percent of unity.

The optical measurements were conducted at University of Arizona by 

Mike Nofsiger. The measurements include the power of the light source Popt 

with radiation frequency u, the reflectance r(\), and the light generated 

current IL. The internal quantum efficiency rj(\) can be calculated by the 

following expression,

IL/q
m = (Pop,AH [1 ->WI (7.7)

The effective reflectance r(X) can be reduced to near zero by the set-up

shown in Fig. 1.2. Therefore, to increase IL, or to reduce the carrier losses in
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Figure 7.8 (a) Top view of the test MOS transistors; (b) the I-V
characteristics of a MOS transistor.



the cells is the major concern in order to maximize ??(X).

The measured internal quantum efficiency for both n+pp+ and induced 

junction cells are shown in Fig. 7.9. The emitter of the n+pp+ photodiode 

was formed by an As implant with a doping density of 1014/cm2 and an 

energy of 30 Kev on a 2 fl-cm substrate. The estimated junction depth in 

the active region is around 0.35 fim. In the n+pp+ cell, the rapid fall of rj(\) 

at short wavelengths is due to carrier losses at the front surface and in the 

emitter region. The presence of high concentrations of interstitial donors in 

the emitter region increases the probability of the electron-hole 

recombination and, therefore, reduces the minority carrier lifetime, rp. In 

addition, the surface states at the Si02 — Ge interface are electron-hole 

recombination centers. The surface recombination mechanism can be 

characterized by the surface recombination velocity, Sp. A relatively large 

Sp and short carrier lifetime have been found in the Ge photodiodes. The 

typical values for rp in the emitter and Sp at the surface are 10-8 sec and 

105 cm/sec, respectively. We will discuss this in detail in chapter VIII.

In the induced junction diode, the internal quantum efficiency is less 

sensitive to the carrier lifetime and surface recombination velocity. This is 

especially true for the short wavelength radiation with which the electron- 

hole pairs are generated near the surface. The high quantum efficiency in 

induced junction diodes can be attributed to the following:

(1) Since ion-implantation induced damage is not present in the 

induced junction diode, the emitter lifetime should be higher than 

that of the n+pp+ diodes.

100
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Figure 7,9 Internal quantum efficiency of an n+pp+ photodiode (dashed 
line) and an induced junction photodiode (solid line).
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(2) The fixed positive charges in the Si02 invert the surface of the p- 

substrate. An electric field is induced near the surface due to the 

energy band bending. This surface field helps to separate the 

photon-generated carriers and increases the collection efficiency.

The quantum efficiency is a function of the substrate resistivity as well. 

Generally speaking, the higher the substrate resistivity, the higher the 

quantum efficiency will be. This is because of the longer carrier lifetime of 

the high base resistivity material, which corresponds to a low background 

impurity concentration. There is another advantage to using a high 

resistivity substrate for the induced junction diodes. The lightly doped 

substrate can easily be inverted to form a n+ layer at the surface. However, 

as has been shown in Fig. 7.3, the saturation current increases as the base 

resistivity increases. A trade-off has to be made if an optimal photodiode is 

to be designed.

Fig. 7.10 and 7.11 show the measured quantum efficiency for the n+pp+ 

and induced junction photodiodes with different base resistivities, 

respectively. In Fig. 7.10, the quantum efficiencies of two n+pp+ photodiodes 

are plotted. The dashed line is the cell with substrate resistivity of O.lff-cm. 

Its emitter was formed by an As implant with a doping density of 1014/cm2 

and an energy of 45 Kev. For the solid line cell, the emitter was implanted 

using the same impurity and density but using an energy of 30 Kev on a 2 

OrCjn substrate. Higher quantum efficiency in the solid line cell is fpund 

short wavelengths due to the shallow emitter junction depth, and at long 

wavelengths due to the longer minority carrier lifetime in the base.
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Figure 7.10 Internal quantum efficiency of two n+pp+ photodiodes with 
substrate resistivity of 0.1 ll-cm (dashed line) and 2 fi-cm (solid



104

In induced junction diodes, the substrate resistivity also affects the 

quantum efficiency. In Fig. 7.11, two diodes with the same structure but 

different substrate resistivities are compared. The quantum efficiencies are 

virtually independent of the wavelength over 0.7 to 1.5 jxm range. However, 

at wavelengths greater than 1.5 /ma, the quantum efficiency is noticeably 

larger in the higher resistivity substrate.

Emitter junction depth Xj in the n+pp+ diodes also plays an important 

role in affecting the quantum efficiency. Fig. 7.12 shows the quantum 

efficiency of two n+pp+ diodes with the same substrate but different Xj, The 

emitter of the dashed line cell was formed by multiple arsenic implantation 

with dosage/energy of 1.5xl015 cm-2/25Kev, 1.7xl015 cm-2/60Kev and

4xl015 cm-2/l40Kev. The estimated junction depth is around 1.7 //m. The 

estimated junction depth of the solid line cell is about 1.2 pm which was 

formed by an 5xl015 cm_2/70Kev implantation. The shallower emitter diode 

leads to a higher quantum efficiency, as we have discussed in chapter V.

7.4. Summary

It has been demonstrated that the induced junction photodiode with 

natural inversion layer performs significantly better than the n+pp+ 

photodiode, especially in the short wavelength range. The induced junction 

implies a high electric field at the surface and in the depletion region. This 

field aids the collection of photon-generated carriers, especially Qf ffiqse 

generated near the Ge surface. All these features demonstrate that the 

induced junction photodiodes are suitable for the use as a absolute self- 

calibrating radiometer over 0.7 to 1.5 pm wavelength range.
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Figure 7.11 Internal quantum efficiency of two induced junction
photodiodes with substrate resistivity of 0.5 fi-cm (dashed line)
and 2 Q-cm (solid line).
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Figure 7.12 Internal quantum efficiency of two n+pp+ photodiodes with 
estimated emitter junction depth of 1.2 fini (solid line) and 1.7 
fim (dashed line).
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CHAPTER VIE 
NUMERICAL ANALYSIS

8.1. Introduction

In deriving an analytical solution for a p-n junction photodiode 

quantum efficiency, assumptions are needed to obtain a closed-form solution 

to the differential equations which have been presented in chapter IV. Since 

the internal quantum efficiency depends on many parameters in a 

complicated fashion, a computer simulation is absolutely necessary for the 

accurate description of a photodiode. In this chapter, we will discuss two 

device simulation programs, SCAP1D (Solar Cell Aanalysis Program in One 

Dimension) and SCAP2D (Solar Cell Analysis Program in Two Dimension), 

which were developed by Lundstrom and Gray of Purdue University, 

respectively [62,63].

SCAPlD was originally developed to analyze conventional n+pp+ (or 

p+nn+) solar cells. This code has been very successful used for studying and 

predicting the performance of a solar cell operating at low intensity. 

However, for two-dimensional devices such as IBC (Integrated Back 

Qppt|et) and point contact solar cells, SCAP2D has to be used to accurately 

analyze the devices.
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8.2. Program Description and Modifications

Since the codes were designed for Si solar cells, they have to be modified 

for use in modeling germanium photodiodes. In the following sections, a 

brief description of the modifications will be presented, followed by & 

comparison of the computed values and the experimental results. We will 

demonstrate that the modified SCAP1D is adequate for the n+pp+ and 

induced junction photodiodes operated at the low level illumination. 

However, for high intensity illumination, the surface potential in the induced 

junction diode will be affected by the lateral flow of the photo-generated 

current in the inversion layer. In that case, SCAP2D has to be used to 

analyze this problem.

8.2.1. General Description

The simulation programs simultaneously solve the Poisson’s equation

V2V = (n - p + NX - N£) (8.1)

and the hole and electron continuity equations

= q (G - R) (8.2)

: and

V-Jn = -q(G-R) (8.3)

where Jp and Jn are the current density for the hole and electron, 

re$pectively. Jp and Jn can be written, in one dimension with consideration 

of the heavy doping effects [62], as
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-V = - £ V - i ij^; - k'r„. £ (8.4)

and

J„ = - nqM-p (V - 7 —)| + MVvx- (8.5)dx q dx

where 7 is an effective asymmetry factor and AG is the effective bandgap 

shrinkage. -y and AG include the effects of bandgap narrowing and position 

dependent density of states.

8.2.2. Recombination

The net recombination rate R in Eq.(8.2) and (8.3) can be written as

R = (np - nj) Ann + ADp -\----- --------- :--------;-------- r
T'»o(p + Pi) + W° + “i!

(8.6)

This expression is obtained under the assumptions of Boltzmann statistics 

and a single level Schockley-Read-Hall recombination center. The quantities 

px and nx are defined in terms of the trap level Ex as

Pi
n JE, - Ex)/kT 
uie c (8.7)

and

%
jEx-EO/kTIljo C (8.8)

where nie is the effective intrinsic concentration including the heavy doping 

effects of bandgap narrowing and position-dependent density of states. n*e 

can be written as

,2 = „ .2 o-WkT
nie = nio e (8.9)

where nj0 is the intrinsic concentration of lightly doped germanium.



The Auger recombination is also included in Eq.(8.6) and is 

characterized by the constants An and Ap. This recombination has a 

significant influence on high level injection characteristics, where excess 

calfHet disunities may be very large.
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8.2.3. Generation

The optical generation, G, in Eq.(8.2) and (8.3) is a function of the 

incident flux d>0 and the surface reflectance r. With the assumption of unity 

quantum yield, the generation rate at position x can be written as

G(x) = (1 — r) <1>0 a(X) e"ftWx (8.10)

where <*(X) is the absorption coefficient at wavelength X. The theoretical 

calculation of a will be discussed in the following section.

8.2.4. Bandg&p and Intrinsic Carrier Concentration

The bandgap of germanium changes with variations in the pressure, 

temperature, and doping concentration. At one atmosphere pressure, the 

high purity germanium temperature-dependent bandgap is given by the 

empirical formula of Thurmond [64] as

Et(T) - E,(0) - (811)

where /3 — 4.774xlO-4/0K and f = 235 °K.

Bandgap narrowing in Ge is calculated using Mahan’s model [65]. 

Mahan made a comprehensive calculation of the energy gap in germanium 

as a function of the concentration of donor impurities. His theoretical 

expression for the bandgap shrinkage in germanium is
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AEg(meV) = 6.63x(n/l018)2/3 — 4.89x(n/l018)1/3

- 8.2x(n/l018)1/4 - 3.0 (8.12)

where n is the electron carrier concentration in the conduction band. This 

calculation is in good agreement with experimental data [66].

The intrinsic concentration in lightly doped germanium is given by the 

expression

= VNcNve" Es/2kT

. 3/4
= 4.9xl015 (■ — ---) T3/2 e~ Eg/2kT (8.13)

: T,s;. IHfl

where Nc and Nv are the effective density of states in the conduction and 

valence bands, respectively, m^ and m^ are the density-of-state effective 

mass for electrons and holes, respectively and is the electron rest mass. 

ni0 at room temperature is 2.4xl013/cm3 for germanium. The intrinsic 

carrier concentration, including bandgap shrinkage effects, is expressed by 

Eq.(8.9).

8.2.5. Mobility and Diffusion Coefficient

The doping-dependent carrier mobility in Ge is approximated by the 

Caughey-Thomas expression [67]

Pn =
Pn,mzx Mit.min

1 + N i* n

N,ref,n

+ Pn,min (8.14)

and
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i^p.max

1 +

/V,inin

N,ref,p

+ Mp,min (8.15)

where Ji’s ire the electron and hole mobilities and N is thi doling 

concentration. The parameters /?n, #p and Nref’s are determined by 

computer fitting to experiment measurements. Table 8.1 lists the parameter 

values which result in a best fit to the measured results.

The mobility also varies with electric field and free carrier 

concentration. The dependence on the electric field is neglected because no 

strong electric field occur in the photodiode under normal operation 

conditions, /except in the space charge region. Carrier-carrier scattering is 

also neglected. This effect can be important under very high intensity 

illuminations [68].

The carrier diffusion coefficient (Dn for electrons and Dp for holes) is 

another important parameter. In thermal equilibrium, the relationship 

between Dn and /in (or Dp and fip) is given by [33]

P» = 2 kT
Mn

Ef — Ec
kT

F-‘/2
Ef - Ec

kT

(8.16)

where F,^ and F_,^ are Fermi-Dirac integrals. For a nondegenerate 

semiconductor, where n is much smaller than Nc (and p Ny), Eq.(8.16) 

can be reduced to
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Table 8.1 Mobility in germanium.

Electron Hole

/^n.max 5000 cm2 /V—sec ^p.max 1980 cm2/V—sec
/^n,min 10 cm2/V—sec /^p.min 24 cm2/V—sec
A 0.42 0.467
^ref,n 2.76xl016/cm3 ^ref,p 1.37xl017/cm3



114

D, (8-17)
q

and similarly,

Dp = — nv ,.(8.18)q V

which is better known as the Einstein relationship. In the computer codes, 

Eq.(8.17) and (8.18) are used for the Dn and Dp.

8.2.8. Optical Properties

The reflectance, r, of the Ge surface, the shadowing factor of metal 

contact grids, the intensity of incident flux, 4*,,, and the absorption 

coefficient, o(X), are the quantities that have to be known to calculate the 

optical generation rate, G(X). In the simulation codes, the value of 

reflectance, shadowing factors, and incident flux are given in the input data 

card. . .

The absorption coefficient, a, of Ge is evaluated by an empirical 

formula, a is a function of temperature and the wavelength of the radiation 

and can be written as

ai^^^X.Tj + ^T) (8.19)

where «d(X,T) and cq(X,T) are the absorption of direct and indirect energy 

band transitions respectively. For a parabolic band approximation, with Egd 

as the direct band gap energy, can be written as [33]

«d = Ajpuz — E^T)]*4 (8.20)

where Aj is the proportionality constant. The energy band gap is a function
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of temperature and can be expressed as Eq.(8.1l). The same value of 3 and 

$ is assumed for all values of the Ge bandgap.

ocy is the absorption of indirect energy band transitions. This 

absorption process involves either a phonon absorption or a phonon emission 

to conserve the electron momentum. For a parabolic energy band 

approximation, Qj can be written as [69]

(Kuj - E^T) + Epi)2 fa - Egj(T) - Epi)2
exp(Epi/kT) — 1 1 - exp(-Epi/kT)

(8.21)

where suffix i refers to various possible phonons of energy Ep and the suffix j 

refers to the indirect band Eg. For simplicity, we only consider the I g —Lg 

and l'g-X| indirect transition [29] and the phonon energy of transverse 

acoustic (TA) and transverse optical (TO) mode. The final form of the 

absorption coefficient a is the summation of Eq.(8.20) and (8.21)

«■- S CiAjfT)
i—1,2 
j-1,2

(hu; — Egj(T) 4- Epi)2 (Hu; - Ej(T) - Epi)2 
exp(Epi/kT) - 1 1 - exp(— Epi/kT)

+ Ad[hc-Egd(T)]y2 (8.22)

where Egd(T) and Egj(T)’s are evaluated by Eq.(8.11). The value of all the 

parameters in Eq.(8.22) are listed in the Table 8.2.

Free electrons and holes can make a transition from one level to 

another in the conduction band and valence band by absorbing a photon. 

This process is referred as the free carrier absorption, and can only become



Table 8.2 Coefficient constants in Eq.(8.22)

Quantity Value
Esd(0) 0.86 eV
Es,(0) 0.74 eV
Eg2(0) 0.95 eV
Ci 5.5
C2 4.0
Ax 80 cm-1eV-2
A2 1200 cm-1eV~2
Epi 7.755xl0-3 eV
EP 2.757xl0~2 eV
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significant in the long wavelength region in the heavily doped material [35]. 

Since free carrier absorption is very small in the wavelength region of 0.7 to

1.5 fxm, this absorption process is negligible.

8.2.7. Minority Carrier Lifetime and Surface Recombination 

Velocity

Minority carrier lifetime and surface recombination velocity are 

important parameters in the semiconductor. Assuming the Schockley-Read- 

Hall (SRH) model with single recombination level in the energy bandgap, the 

carrier lifetime can be written as

■ r-= 1
^th^TT

(8.23)

where a is the cross section of the traps, vtll is the thermal velocity of the 

carriers, and N^t "1S the trap density. Similarly, with the same model, the 

surface recombination velocity S can be written as

S = ^vthNss (8.24)

where ers is the cross Section of the surface states, and Nss is density of states 

effective for recombination. Since these two parameters are sensitive to the 

fabrication processes and difficult to measure, the values of t and S for 

electron and hole are obtained by matching the theoretical calculation and 

experiment results of the dark currents, IgC—Voc measurements, and quantum 

efficiency measurements.

The minority carrier lifetime is a function of doping concentration [70].

The doping-dependent lifetime is expressed by the Kendal equation as
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1 + N
N,ref

(8.25)

where r0 is the carrier lifetime in a lightly doped semiconductor, N is the 

total impurity doping concentration, and Nref is a reference concentration. 

Since r and S are difficult to measure, their values are given as device 

parameters. The experimental value of r0 in Ge ranges from 0.2 //s to 1000 

/is [71,72]. In the computer simulation codes, we have set r0 to 5 /is which is 

reasonable in view of our experiment results*

8.2.8. Normalizations and Boundary Conditions [62,63]

The computer programs solve simultaneously Poisson’s equation, the 

current equations and the continuity equations, with given boundary 

conditions. For the convenience of numerical calculation, Eqs.(8.1-1Q) can be 

simplified using the normalization factors listed in Table 8.3. With some 

mathematical manipulation, we can rewrite Poisson’s equation as

v; V2V == n-p +Na (8.26)

and the hole and electron continuity equations as

V-Jp = G - R (8.27)

and ' v:

^•Jn = -(G-R) (8.28)

the hole and electron current equations as



Table 8.3 Normalization factors [62]

Variable Normalization Factor

Position LDi —
’ eskT ' '/*

2_<1 nio ]

Electrostatic Potential V =Y nor II -1
3

Electric Field
v

L
nor

Pi

Carrier Concentration nio

Current Densities
qD

L
onio

Di

Generation-Recombination Rate Dc>^io
2L Di

Carrier Lifetimes
L&
Do

Carrier Mobilities
D0

V nor

Carrier Diffusion Coefficients D0 = 1 cm2/sec

Surface Recombination Velocity
Dpj

Do

Fixed Surface-Charge Density LDinio

Surface Recombination Velocity ;
D0
LDi
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JP = - Ip-£tfv “~ 1)Vg] “ dx1 (8.29)

and

= :»£iv-,vc) + £i

a0
where VG = ------ , and the recombination rate R as

^nor

R = (np — eV<:) Aan + App +
P rno(P + Pi) + rpo(n + ni)

where

p, „ e(E, - Eht/kT eV(; (8.32)

and

_JET-Ei)/kT Vcn, = e (8.33)

In order to solve three nonlinear second order partial differential 

equations, six boundary conditions are required. The boundary conditions 

can be the values of V, p, and n, or their derivatives at the boundary. The 

boundary conditions for V are obtained by first solving Poisson’s equation 

under the equilibrium conditions with the assumption of charge neutrality at 

the boundary, that is to solve

d2veq _ JV^+iV,;) 
dx2

The potentials at boundary are

V(x=0) = ^(*=0) (8.35)

and
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V(x=H) = Veq(x=H) + Vbiasi (8.36)

where H is the thickness of the device and Vbias is the normalized bias 

voltage.

The electron and hole concentrations at the surfaces vary with surface 

conditions. If ohmic boundary conditions are specified, the carriers are 

assumed to be equal to their equilibrium values

P Peq = e-tv«, + h-i)vG] (8.37)

and

n = n _ 7V(;)ueq c

If non-ohmic boundary is specified, the surface recombination velocity, S, is 

used to characterize the boundary condition. The current densities at the 

surface are

Jp'fi

and

Jnn = R. (8.40)

where

R; = P°~%° ------- - (8.41)

■^“(P+Pls) + ■^_(n+nls)
°n Dp

Under the low injection conditions, Eq.(8.39) and (8.40) can be reduced to

J„ = S„ (n - n*,) (8.42)

for p-type material and
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Jp “ Sp (P ~ Peq) (8*43)

for n-type material.

For the induced junction photodiode, the fixed charge density Nf has to 

be considered in the boundary conditions. By Gauss’s law, the displacement 

field is discontinuous by a amount of the surface charge density, ps, across 

the non-ohmic boundary as

(Do. - = A, .'(8.44)

or

W,
Dext’n + PS

Gen = ~ (8.45)

where DGe = es Eqe = — VVGe. In normalized form, Eq.(8.45) becomes

(8.46)

where Nf is the normalized effective surface charge density.

8.2.9. Numerical Techniques

Finite difference techniques are used in SCAPlD and SCAP2D [62,63]. 

The codes simultaneously solve Poisson’s equation, and the electron and hole 

continuity equations. There are three unknowns, V, p and n, at each mesh 

point in the device. The mesh points are generated automatically by the 

simulation programs or are specified by the user. For a device with N mesh 

points, we have to solve 3N coupled nonlinear differential equations 

simultaneously for the complete solutions.



123

Newton’s method was chosen for this work because of its simplicity and 

effectiveness. If F represents the 3N independent equations in a N mesh 

point cell, u is the vector of V, p, and n, and J is the Jacobian matrix of F, 

then the problem is reduced to solving the following linear system

[J(uk)| Auk+1 = - F(uk) (8.47)

Auk+1 = uk+1 — uk. The over relaxation damping technique was also 

applied in SCAP1D and SCAP2D calculations to improved the convergence 

characteristics of the codes. Newton’s method requires an initial guess to 

start the iterative process. The equilibrium solution of Poisson’s equation of 

Eq.(8.34) is used for the initial guess. The complete operation of the 

simulation programs is summarized by the flowchart shown in Fig. 8.1.

8.3. Simulations

In this section, modified S CAP ID and SCAP2D were used to analyze 

the Ge photodiode. A set of device parameters was found by fitting the 

theoretical values to the experimental data of the n+pp+ and induced 

junction diodes. With this set of parameters established, we can look 

further at the physical behavior inside the device which otherwise couldn’t 

be observed.

Table 8.4 shows the parameters used to model the n.+pp+ cell (DA10-4A 

#31) and induced junction cell (DA10-4B #51). A step p-n junction was 

assumed for simplicity (see Fig. 6.4 and 6.5 for the measured deep and 

shallow n+ doping profiles). A relatively large surface recombination velocity

where k is the kth iterative solution of Eq.(8.47), J = <9F(uk)
duk

and
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Input parameters:
device geometry, 
doping profiles,

^p> ^T> ®n> ^P> 
etc.

Normalize parameters

Compute initial guess

Compute F(u*c),J(ulc)

Solve for Auk

I
Update uk+1

Print/Plot results

Figure 8.1 Flowchart of SCAPlD and SCAP2D operation
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Table 8.4 Device parameters for simulation

Variable Value
Bias voltage 0 volt
Base p-Ge, 2 H—cm

Thickness 300 //m
Doping concentration 1.66xlQ15/cm3

Emitter
Junction Step
Junction depth (deep) 1.5 //m
Junction depth (shallow) 0.35 //.m
Doping concentration 2xl019/cm3

Carrier lifetime for electron, rno 5 /i sec
Carrier lifetime for hole, rpo 5 /i sec
Surface recombination velocity 8xl05 cm/sec
Fixed charges Qf/q 5xl012 /cm2
Illumination intensity 100 //A/cm2
Kendal reference concentration 5xl016/cm3
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(Sp — 8xl05 cm/sec) at the Si02-Ge surface and low minority carrier 

lifetimes (r0 *= 5fx sec) in the bulk have to be assumed for good fitting. This 

simulation also assumes that the devices were operated at short circuit 

Conditions. The structure of the devices were described in chapter V and 

their electrical and optical measurement in chapter VII.

Fig. 8.2-5 shows the comparison between computer calculations and 

experimental data for dark I-V and quantum efficiency. The figures show 

good agreement between theory and experiment. They also show good 

agreement between SCAPlD and SCAP2D codes. Therefore, SCAP1D will 

be used for device analysis under low injection conditions. For high 

intensity illumination, SCAP2D will be used for two-dimensional analysis.

Fig* 8*2 and 8.3 shows the simulation of forward currents of a n+pp+ 

diode and an induced junction diode, respectively. In the simulation, the 

calculated forward-biased currents were obtained by setting the series 

resistance to zero. The calculated values show good agreement with the 

Isc—V,*. measurements where effects of the series resistance are eliminated.

The quantum efficiency calculation has also shown good agreement with 

experiment. In Fig. 8.4, the low quantum efficiency in the n+pp+ diode at 

short wavelengths is attributed to the high surface recombination velocity 

and law effective minority carrier lifetime in emitter (r = 10~9 sec). In 

addition, the Auger recombination effect becomes significant in the emitter 

and, thus, further reduces the carrier lifetimes. In the induced junction cell, 

the quantum efficiency is less sensitive to carrier lifetime and surface 

recombination velocity (see Fig. 8.5).
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Uoltage <mU) <X10C>

Figure 8.2 Measured (□), SCAP1D simulated (O), and SCAP2D simulated
(a) IgC — Voc of a n+pp+ photodiode.
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Figure 8.3 Measured (□), SCAP1D simulated (o), and SCAP2D simulated
(a) Isc — Voc of an induced junction photodiode.
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Figure 8.4 Measured (□), SCAPlD simulated (o), and SCAP2D simulated
(A.) internal quantum efficiency of a n+pp+ photodiode.
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Figure 8.5 Measured (□), SCAP1D simulated (o), and SCAP2D simulated 
(A) internal quantum efficiency of an induced junction 
photodiode.
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Fig. 8.6 shows the model of the doping profile of the n+pp+ diode. We 

have assumed constant doping for the emitter. Fig. 8.7 shows the doping- 

dependent carrier mobility in this device model. The solid line in the figure 

is the mobility for holes and the dashed line that for electrons.

Fig. 8.8-9 shows the carrier generation rate in germanium. The solid 

line is the generation rate for monochromatic light as a function of position. 

The dashed line is the integrated generation. We have assumed that One 

absorbed photon generates one electron-hole pair. As shown in the figure, 

the Ge absorbed 99.9% of the short wavelength radiation (0.9 fxm) within 1 

jum of depth. For longer wavelength radiation (1.5 99.9% of the

photons are absorbed in 20 (J,m of penetration (Fig. 8.9).

Fig. 8.10-11 are the energy band diagrams, when the diode is 

illumination and biased at zero volts, of the n+pp+ and induced junction 

diode respectively. These plots show the conduction band edge, the valence 

band edge, the center of the gap, and the quasi-fermi levels for electrons and 

holes, all as a function of position. Fig. 8.11 shows the energy band bending 

near the surface of an induced junction cell due to the fixed positive charges 

in the Si02 (Qf/q = 5xl012/cm2). The energy band bending converts the 

surface to a shallow n+ layer thus forming a p-n junction near the surface.

Fig, 8.12-13 show the potential as the function of position in the vicinity 

of junction. Since the radiometer is operated under zero bias, this is the 

potential under short circuit current condition. The dashed lines in the 

figures are the potentials under the equilibrium condition. The deviation 

between the curves increases under high intensity illumination.
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DOPING DENSITY VS POSITION

0.600 0 MO 0.100
X (MICRONS)

as

Figure 8.6 Doping profile of an n+pp+ photodiode near the emitter.

MOBILITY VS POSITION

Figure 8.7 Doping-dependent mobility of an n+pp+ photodiode for holes 
and electrons.
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Figure 8.8 Generation rate and integrated generation rate in 
as a function of position (\=0.9 /im).

GENERATION RATE VS POSITION
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Figure 8.9 Generation rate and integrated generation rate in
as a function of position (X=1.5 /zm).

germanium

germanium
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ENERGY BAND DIAGRAM
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Figure 8.10 Energy band diagram as a function of position in an n+pp+ 
photodiode.

ENERGY BAND DIAGRAM
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Figure 8.11 Energy band diagram as a function of position in an induced 
junction photodiode.
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Figure 8.12

Figure 8.13

POTENTIAL VS POSITION
0.4000 ■0.4000

>0.9000

-0.2000

0.1000- -0 1000

0.0000-

-0.1000-
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Potential and equilibrium potential as a function of position in 
an n+pp+ photodiode.

POTENTIAL VS POSITION

0.2000-

0.300 0.4000.100 0.200 X (MICRONS)

Potential and equilibrium potential as a function of position in 
an induced junction photodiode.
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The electrical fields of the devices are plotted in the Fig. 8.14-15. In 

the n+pp+ diode, the high electric field exists in the vicinity of the depletion 

region. However, in the induced junction diode, the electric field is induced 

near the surface due to the energy band bending. This surface field helps to 

separate the photo-generated carriers and increase the collection efficiency.

Fig. 8.16-19 show the recombination rate and the integrated 

recombination as a function of position. The solid line represents the 

recombination rate and dashed line the integrated recombination. The 

dashed line underneath the solid line is the recombination rate due to the 

SRH recombination. The difference of these two lines is the recombination 

contributed by Auger recombination process.

Fig. 8.16 and 8.17 show the recombination rate of the radiation of 

X=0.9 (im. The quantum efficiency of the n+pp+ diode at 0.9 //m is 66.3% 

(Fig. 8.4). More than 30% of the photo-generated carriers recombine in the 

device. Fig. 8.16 shows that about 90% of the total recombination takes 

place in the emitter region. This is because of the low carrier lifetime in the 

emitter. However, in the induced junction diode, less than 2% of the photo- 

generated carriers recombined in the device (Fig. 8.5). Most of the losses 

take place at the Si02-Ge interface (Fig. 8.17).

The recombination rates .and integrated recombination of longer 

wavelength radiation (X=1.5 (Am) are shown in Fig. 8.18 and 8.19. At this 

wavelength, more carriers are generated in the base region than that of the 

short wavelength and thus, more carriers will be collected. The quantum 

efficiency of the n+pp+ diode at X=1.5 (Am is about 94% and less than 20% 

of the carrier recombination take place in the emitter region (Fig. 8.19).
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ELECTRIC FIELD VS POSITION

% 1.500-

0.500-

o.ooo- ■0.000
0 100 0400 0.500 0

X (MICRONS)
1.000

Figure 8.14 Electric field as a function of position in an n+pp+ photodiode.
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Figure 8.15 Electric field as a function of position in an induced junction
photodiode.
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RECOMBINATION RATE VS POSITION
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Figure 8.16 Recombination rate and integrated recombination rate as a 
function of position in an n+pp+ photodiode (X=0.9 //m).
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Figure 8,17 Recombination rate and integrated recombination rite as a
function of position in an induced junction photodiode (X=Q.9

X A*m). ■ ■ .
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Figure 8.18 Recombination rate and integrated recombination rate as a 
function of position in an n+pp+photodiode (X= 1.5/im).
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Figure 8.19 Recombination rate and integrated recombination rate as a
function of position in an induced junction photodiode (X=1.5
pm).
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Additional physical quantities can be evaluated using the computer 

codes. Fig. 8.20-23 show the plots of the total carrier concentration and the 

excess carrier concentrations for electrons and holes in n+pp+ and induced 

junction diode. The high excess carrier in the vicinity of the depletion 

region is the result of the slightly forward-biased junction under illumination 

at V=0. The solid lines in the figures are for the holes and dashed lines for 

the electrons.

Computer simulations can be used to optimize the device performance. 

For instance, in the implanted diode, a shallow emitter is necessary for high 

quantum efficiency. Fig. 8.24 shows the effects of emitter junction depth on 

the quantum efficiency in implanted diodes. The improvement in quantum 

efficiency with shallow emitters is more noticeable at short wavelengths. In 

the shallow emitter diode, more carriers are generated in the base where less 

recombination occurs. As shown in the figure, junction depths of 0.1 /um or 

less are required in order to have quantum efficiencies comparable with the 

induced junction diode. Even then the fall off at 0.6/xm is larger.

High surface recombination velocity, S, is another factor limiting the 

n+pp+ diode performance. Fig. 8.25 shows the quantum efficiency of the 

n+pp+ diodes with different values of S. The value of S depends on the 

treatment during the fabrication and the final passivation of the surface. 

Since the Si02 is used for the passivation layer, a higher surface state 

density at the Si02-Ge interface than that at a Si02-Si interface is expected. 

Fig. 8.25 shows that an S of 103cm/sec or better is needed for high quantum 

efficiency. This requires a high quality Si02 interface and is not practical for 

germanium devices.
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CARRIER CONCENTRATION VS POSITION

K) 1000 I
X (MICRONS)

Figure 8.20 Carrier concentration as a function of position in an n+pp+ 
photodiode.
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Figure 8.21 Carrier concentration as a function of position in an induced
junction photodiode.
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EXCESS CARRIER CONCENTRATION VS POSITION
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Figure 8.22 Excess carrier concentration as a function of position in an 
n+pp+ photodiode.
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Figure 8.23 Excess carrier concentration as a function of position in an
induced junction photodiode.
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Figure 8.24 Internal quantum efficiency of a n+pp+ photodiode with the 
junction depth of 0.1 jxm (□), 0.2 jum (o), and 0.3 /xm (a).



In
te

rn
al

 Qua
nt

um
 Ef

fic
ie

nc
y

144

Wavelength (tern)

Figure 8.25 Internal quantum efficiency of a n+pp+ photodiode with the 
surface recombination velocity of Mr cm/sec (□), 10* cm/sec
(O), 105 cm/sec (a), and 8x10s cm/sec (*).
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As we have demonstrated with experimental data and theoretical 

calculation, the quantum efficiency of an induced junction photodiode is less 

sensitive to the surface recombination velocity and the carrier lifetime in the 

emitter. However, the induced junction diode requires enough fixed positive 

charge in the Si02 layer to induce a n-type inversion layer on the p-type 

substrate. Fig. 8.26 shows the changes of the quantum efficiency with 

different fixed positive charge density, Qf, in the cells. As shown in the 

figure, the quantum efficiency starts to degrade if Qf drops to lower than 

2xl012 /cm2.

The quantum efficiency of the induced junction photodiode is a function 

of the intensity of the incident radiation. Fig. 8.27 shows that the quantum 

efficiency decreases with increasing intensity of illumination. At high 

intensity, the large excess carrier concentration near the junction reduces 

the potential barrier, as indicated in Fig. 8.13. In addition, the lateral flow 

of the light-generated current along the surface causes a resistive voltage 

drop and, therefore, further reduces the inversion potential. A two 

dimension graphic can illustrate this phenomenon. Fig. 8.28 shows the 

potential of the induced junction diode under low illumination 

(q<t»0 = 10 mA). At an intensity of 500 mA/cm2, the potential in the 

illuminated area decreases and thus, the collection efficiency decreases (see 

Fig. 8.29).

8.4. Summary

In this chapter, we have described the models used in the computer 

simulation programs and the code modification made for its use in the 

simulation of Ge photodiodes. The computer programs solve for V, p, and n,
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Figure 8.26 Internal quantum efficiency of induced junction photodiodes 
with fixed positive charge densities of 2xlOn/cm2 (□), 1012/cm2 
(O), 8xl0^/cm2 (a), and 6xl011/cm2 (*). The - device
parameters are shown in Table 8.4.
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Figure 8.27 Internal quantum efficiency of induced junction photodiodes 
with the q4>0 of 10 mA/cm2 (□), 100 mA/cm2 (o), 300 mA/cm2 
(a), and 500 mA/cm2 (*).
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Figure 8.28 Two-dimensional potential distribution under the low intensity 
illumination in an induced junction photodiode.
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Figure 8.29 illumination in an induced junction photodiode
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and evaluate the physical quantities in the devices. We also demonstrated 

that the theoretical calculations have excellent agreement with the 

experiment data.

The simulations showed that high recombination occurs at the Si02-(3e 

interface and in the emitter for the n+pp+ photodiode. This is because of 

the high surface recombination velocity at the surface and low carrier 

lifetime in the emitter. A shallow emitter (xj < 0.1 fj,m) and high quality 

surface (S < 103cm/sec) are required for a high quantum efficiency n+pp+ 

cell.-

The induced junction photodiode is less sensitive to the surface 

recombination velocity and carrier lifetime. This is because the fixed 

positive charge in the Si02 induced a strong electric field near the surface. 

This electric field helps to collect the photo-generated electron-hole pairs 

and therefore, improves the quantum efficiency. The simulations 

demonstrated that the induced junction diodes are sensitive to the fixed 

charge density in the Si02 layer and the intensity of the illumination.
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CHAPTER EX 
SUMMARY AND CONCLUSIONS

9.1. Summary

This research is concerned with design and fabrication of an absolute 

radiometric detector operated over 0.7 to 1.5 f.im wavelength range. This 

application requires a semiconductor photodiode with high internal quantum 

efficiency and long term stability. Of many possible materials, germanium is 

chosen because high quality material is available, the fabrication processes 

are relatively straight forward, and a high quantum efficiency is achievable.

First planar fabrication procedures for a germanium diode were 

developed. These fabrication processes require the adaptation of existing 

silicon planar monolithic techniques to germanium. Ion implantation 

techniques were used to form the p-n junctions, guard rings and back 

surface field, followed by a 650-700°C thermal anneal to electrically activate 

the impurities. This annealing process is crucial to the device performance. 

To reduce the surface recombination, CVD Si02 was deposited for surface 

passivation. A Ti/Pd/Ag metal layer was then sputtered to make the 

interconnections. Finally, the device was mounted on a TO-8 header for 

testing.

Two type of germanium photodiodes were fabricated and tested. Dark 

currents as low as 0.35 ixiA/cm2 have been observed on the 2 fi-cm 

substrate. The n+pp+ photodiode had a considerably lower quantum
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efficiency (//) than an induced junction photodiode. This is especially true at 

the short wavelengths. The simulation analysis showed the low r/ is 

attributed to the low carrier lifetime in the emitter and the high surface 

recombination velocity at the Si02-Ge interface, On the other hand, the 

induced junction cells were less sensitive to the emitter carrier lifetime and 

the surface recombination velocity. The high quantum efficiency in the 

induced junction photodiode can be attributed to two causes: (1) the ion- 

implantation induced damage is not present in the cell, and (2) an electric 

field induced near the surface aids the collection of the photo-generated 

carriers. ' ' ■ ■

The device simulation programs developed for solar cell analysis were 

modified for use in modeling germanium photodiodes. We have 

demonstrated the excellent agreement between the theoretical calculations 

and the experimental data for both the n+pp+ and induced junction 

photodiodes. As indicated in the simulation, the induced junction cell is 

sensitive to the number of the fixed charges in the Si02, and the intensity of 

the light source.

9.2. Conclusions

In this research, we have successfully developed the planar fabrication 

processes for a germanium photodiode. It is demonstrated that the induced 

junction photodiode performs significantly better than the n+pp+ 

photodiode, as far as the internal quantum efficiency is concerned. With the 

induced junction structure, we have observed a quantum efficiency of 98.8% 

at 0.7 pm and of 97.4% at 1.5 ^m. This is by far the highest quantum 

efficiency ever reported for the germanium diodes. The induced junction cell
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is, therefore, suitable for the absolute self-calibrating radiometric application 

over'';0.7 to 1.5 //m wavelength range. The accuracy of this application is 

within 3% of unity. Future study should be concentrated on the 

optimization of the fixed oxide charge in the Si02 to increase the quantum 

efficiency.

In some applications, however, the possibility of exposure to the high 

energy radiation may present a problem since this can neutralize the oxide 

charge and cause degradation of the surface inversion [73,74]. Therefore, 

there is still a need to develop a ultra-shallow emitter junction diode that is 

as responsive in short wavelengths as the induced junction diode. 

Theoretical calculations have shown that high quantum efficiency n+pp+ cell 

requires that the emitter be less than 0.1 fim thick and the surface be well 

passivated. Special processes have to be developed to fabricate a ultra­

shallow emitter diode. For instance, diffusing the impurities through a thin 

Si02 layer to form a junction 0.1 pm in depth has been reported [75]. The 

junction can also be formed by low energy ion implantation, followed by a 

rapid annealing which provides high temperature for the impurity 

activation, and for a short period of time to prevent the change of impurity 

profiles.
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APPENDIX

FABRICATION PROCEDURES

1. Initial wafer clean
• rinse in warm Acetone.
• ultrasonic clean in Trichloroethylene (TCE) for three minutes.
• ultrasonic clean in Acetone for one minute.
• ultrasonic clean in Methanol for one minute.
• rinse in DI water for five minutes.
• ultrasonic clean in H20 : HF (10:1) solution for one minute.
• rinse in DI water for five minutes.
• blow dry in N2.

2. CVD oxidation
• temperature: 400°C
• thickness: 4000 A

3. Open window for p+ channel stop (mask #1)
4. Channel stop and back surface implantation

• impurity: boron
• dosage/energy: 10 15cm 2/25Kev

5. Wafer clean
6. CVD oxidation

• temperature: 400°C
• thickness: 7000 A

7. Open window for deep n+ implantation (mask #2).
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8. Deep n+ implantation
• impurity: arsenic
• dosage/energy: 4xl04cm~2/70Kev

9. CVD oxidation
® temperature: 400°C

o

• thickness: 5000 A
10. Open window for the shallow n+ implantation (mask #3).
11. Shallow n+ implantation

• impurity: arsenic
• dosage/energy: 1014cm-2/35Kev

12. Strip Si02
13. CVD oxidation

• temperature: 400°C
• thickness: 3000 A

14. Post-implantation annealing
• ambient: Argon
• temperature/time: 700°C/20 min

15. Open window for contact (mask #4).
16. Metalization

• define metal patterns (mask #5)
• deposit Ti/Pd/Ag metals
• lift-off process

17. Post-metalization anneal
• temperature/time: 400°C/5 min

18. Package and Test

/
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