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OUTLINE 

Optoelectronic or photonic devices are mainly used for communications, with 

high bit-rate over long distances. A typical optica! communication system 

consistsof an emitter, a waveguiding medium and a receiver. 

The choice of proper materials with good optical properties is important for the 

quality of emission, waveguiding and absorption of light. An important physical 

parameter of the elements of an optoelectronic communication system is the 

refractive index n ofthe materials used. lts importanceis shown in optoelectronic 

devices where the confinement or the waveguiding of light is based on the 

difference of the refractive indices of two media. For instance, the quality of 

confinement determines the quality of the emission of light in emitters such as 

semiconductor lasers. The refractive index profile in an optical fibre is a key 

parameter to the propagation of the light into the fibre. 

It is essential for the design of an optoelectronic structure to know the relation 

that exits between the refractive index on the one hand and the wavelength, the 

temperature and the energy bandgap of the structure on the other hand. 

We devoted a part of our study to the refractive index. Experimental results on 

InP are presented, a material often used for optica! waveguides. In parallel, we 

investigated the relationship between the refractive index, the energy bandgap 

as well as the temperature coefficient of the refractive index. 

Not only the optimisation of confinement of light is important, but also the noise 

in optoelectronic devices. The performances of such devices are limited by noise. 

Noise stands for random fluctuations of electrical or optical quantities. These 

fluctuations can he spontaneous variations in the current or the voltage across a 

device, or in the intensity of emitted light. 

In optical fibre communication systems weak signals have to he detected. · The 

noise of detectors can overwhelm the signa! received. The noise sets the 
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minimum detection level of these detectors. Noise also plays a role in emitters. 

For example, narrow linewidth lasers are required to achieve high bit-rates over 

long-distances. High levels of low-frequency noise in a laser result in a braader 

linewidth and deteriorate the performances of the light source. 

The different t;ypes of noise can he divided into three categories according to their 

frequency-dependencies in the frequency range ofthe measurements: 

i) white noise: the observed spectrum is independent of the frequency. One can 

distinguish between thermal noise and shot noise. 

- Thermal noise results from the Brownian movement of carriers in a 

sample. The spectrum is constant up to 1012 Hz, which is related to the 

redprocal of the callision time of the carriers. The speetral density of the 

current fluctuations is given by 

Srlf> = 4kTIR (1) 

where k is the Boltzmann constant, T the temperature and R the 

resistance ofthe sample. 

- Shot noise results from a Poissonnian process. It is often generated by free 

charge carriers crossing a poterftial harrier. The spectrum is white for 

frequencies smaller than the reciprocal of the transit time to cross the 

harrier. The speetral density of the current fluctuations depends on the 

current and is given by 

Sr(/)= 2ql (2) 

ii) generation-recombination noise: it originates from fluctuations in the number 

of free charge carriers by random trapping and detrapping. The power 

speetral density exhibits a Lorentzian spectrum, i.e. - 1/[1+{ft{0 ) 2]. {0 is the 

redprocal of the relaxation time. 

iii) 1/f noise: its spectrum is inversely proportional to the frequency f. The origin 

ofthe 1/fnoise in materials ordevicesis still the subject ofmany discussions. 

It is impossible to avoid noise completely. However, it is possible to minimise the 

noise in a device. For that reason, we devoted a part of this work to the 

investigation of the low-frequency noise in three characteristic devices for 

communication systems. We investigated a new type of light-emitting diodes 

basedon organic materials. We studied the fluctuations of the light propagating 

in an optica! fibre, which is used as a transmitting medium. Finally, we 

investigated the low-frequency noise in a hybrid photomultiplier tube, which is 

used as a receiver. 
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The content of this thesis is organised as follows: 

Chapter I presents a review on the results of low-frequency noise investigations 

on various optoelectronic and photonic devices during the last ten years. It 

includes light-emitting devices such as semiconductor LEDs, lasers or amplifiers 

(SLA), as well as photodetectors. We also discuss the reliability and the 

possibility to use noise as a diagnostic tooi. 

Chapter II contains three papers on the refractive index. We present a method to 

measure the refractive index n of semiconfiuctor matenals with a high precision. 

It is · applied to InP because it is a 1 material which is widely used for 

optoelectronic components. We have also measured the dependenee of the 

refractive index on temperature, wavelength (1.3 - 1.5 JIID), and carrier 

concentration. We present an empirica! relation between the refractive index and 

the energy bandgap Eg. From this relation, we also derive a relationship for 

temperature-dependence of the refractive index. 

Chapter III focuses on light emitters. We present experimental results on 

polymer light emitting diodes. These new devices represent a promising 

alternative to crystalline optoelectronic devices in specific areas such as large

area displays or flexible light-emitting panels. We discuss various roodels of the 

transport of charges in these disordered materials. For the fust time, we show 

experimental results on the current fluctuations of these LEDs. The impact of 

degradation on both de and noise characteristics is also discussed. 

Chapter IV presents an example of a transmitting medium: an optical fibre. It 

contains a paper on the fluctuations of light propagating in an optica! fibre due to 

the fluctuations ofthe extinction coefficient ofthe fibre. 

Chapter V is a paper dealing with receivers. The detection of weak signals often 

requires receivers that amplify the incoming signal. We studied a new type of 

detector: a hybrid photomultiplier tube. We show that the amplification of the 

light strongly affects the noise. 
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Chapter I 

A DECADE OF LOW·FREQUENCY NOISE IN OPTOELECTRONIC 
AND PBOTONIC COMPONENTS 

Abstract 

L.K.J. Vandamme, P.J.L. Hervé 
Eindhoven University ofTechnology, Dept. El. Eng. 5.15 

5600MB Eindhoven, The Netherlands 

R.Alabedra 
University Montpellier IJ CEM 

34095, Montpellier, France 

In this paper attention will he paid to the electrical and optical fluctuations 

below 1 MHz in LED's, laser diodes, photodetectors, optica} fibres and optical 

amplifiers. The majority ofthe literature discussed is from 1986 to 1996. 
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1. lNTRODUCTION 

The noise in optoelectronic components below 1 MHz mainly consists of shot 

noise, 1/f noise and sametimes some generation-recombination noise on top of 

that. Generation-recombination (g-r) noi~e can he avoided by avoiding traps and 

therefore is an indicator of poor device quality. Shot and 1/f noise are 

fundamentaL The latter often is considered to be due to mobility fluctuations 

caused by fluctuations in the scattering process between free electrans or holes 

and phonons [1,2), but there still is discussion about its physical origin. 

Optoelectronic materials, like for example AlxGaz-xAs, showsamelevels 1/fnoise 

independent of the composition x with x-dependent g-r : no g-r noise for x .::; 0.2 

but strong g-r for x 2: 0.25 [3]. So optima! optica! and electron confinement 

attained by playing with bandgap differences (also related to the refractive 

indices differences) does not always go hand in hand with low g-r noise devices. 

Wide-band (between 10 MHz and 2 GHz) electrical noise characteristics for 

various laser types have been studied theoretically and experimentally [4]. 

Experimental results clearly show the theoretica! expected conneetion between 

terminal electrical noise and optica! intensity noise. For frequencies below 1 Mhz, 

the 1/f noise strongly influences a laser diode parameter like linewidth. 

Here, we give an overview of results published mainly between 1986 and 1996 on 

the electrical and opticallow-frequency noise (below 1 MHz) in optoelectronic and 

photonic components, such as fibres, o~tical fibre amplifiers, light emitters like 

semiconductor LED's, laser diodes and photodetectors. In the final section the 

noise as a diagnostic tooi for quality and device reliability will he discussed. 

2. NOISE IN OPTICAL FIBRES AND DOPED FIBRE AMPLIFIERS 

Optica! waveguiding is based on steps in a refractive index between media. For 

simulation purposes rules of thumb are neerled for the refractive index and its 

temperature coefficient. Equation (la) gives a relation between the bandgap Eg of 

a semiconductor and its refractive index for sub-bandgap light. It has been tested 

for over a hundred different materi,als [5). For the relative temperature 

coefficient in refractive index n equation (1b) was proposed [6) 
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2 [ 13.6 1
2 

n =1+ Eg + 3.4J (la) 
.!_ dn _ (n 2 

1)
312 (dE g _5 ) 

dT - 2 dT +2.5x10 
n 13.6 n 

(lb) 

where the difference in temperature coefficients d(ln n)/dT between materials 

mainly sterns from ditTerences in the variation of Eg with T. Fluctuations of the 

refractive index induced by 1/f conductivity fluctuations have been invoked by 

Kiss [7] to explain 1/f fluctuations in optical systems. The total optical loss 

properties aT of semiconductor optica! waveguides and silica fibres mainly consist 

of Rayleigh scattering aR and IR-absorption losses O:JR· Relative refractive index 

ditTerences play an important role in the waveguiding and the aR contribution to 

O:T [8]. The noise in aT of an optica! fibre showed 1/f fluctuations [9] and is 

believed to be caused by fluctuations in Rayleigh backscattering. Low*frequency 

noise in doped fibre amplifiers is often of the 1/f variety [10*12] and cannot 

always be explained by fluctuations in the pump laser. An example ofthis typical 

1/fnoise is given by Fig.l ofRef.9 where we abserve the spectrum ofthe light at 

the end of a 128 m fibre. It exhibits a clear 1/fnoise up to 100Hz, while the input 

light only showed white noise above 1 Hz. 

3. LED's, LASERS AND SLA's 

A review of the noise above 100 MHz in laser diodes and semiconductor laser 

amplifiers (SLA) is given in [13]. There is 1/f noise observed in the frequency of 

DFB lasers (Hz2fHz) up to 100 MHz. It is known that the 1/f noise in the 

frequency fluctuations increases the speetral linewidth at high optical powers. 

Improved measurement methods and counter measures in the form of electrieal 

or optical feedback have been proposed [14-24]. The successof electrical feedback 

methods depends on the correlation between the optica! and electrical noise. The 

electrical noise in laser diodes is often ofthe form [1,25-28] of eqs. (2a) and (2b) 

or S - aq ( 1JkT 'f (2b) 
V- rifl q ) 

where a is the Hooge parameter [1], ris the charge carriers lifetime and 1J is the 

ideality factor of the diode. Deviations can be expected from relations (2a) and 

(2b) for series resistance complications resulting in Sv = I 2, or above threshold 
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current for laser diodes where steep increases in Sv with I have been observed 
: 

and when -ror a are current-dependent [29]. 

The 1/f noise in the optica! output Sp(j) ha~ been investigated for the spontaneons 

and stimulated emission from 1 Hz to !100 kHz [30-36]. Under spontaneous 

emission conditions Sp <><- p31Z is observed ~ith P the average light power output. 

For laser diodes with slight scatter losses cjr SLA's with low enough values for the 

mirror reflection coefficients, a second r~gion is found with Sp "" P5' 2. Gain

guided lasers that are less sensitive to b*kscattering fluctuations show a Sp oe 

p4 in the super-radiation region and ~ndex-guided lasers show a stronger 

increase. Generally, the experimental r~sults can he better explained by 1/f 

fluctuations in the optical absorption coefficient [9,30,35,37] than by number 

fluctuations. 1/f fluctuations in the number of free carriers in the cavity could 

possibly explain this [31-34]. However th~ lack of correlation between different 

polarization states of the light leads to the condusion that fluctuations in the 

number of free carriers in the active regi~n are not responsible for the 1/f noise 

[35]. 

Around threshold current strong deviaticms from the theoretica! behaviour are 

observed. A sudden increase in electri<~:al noise above threshold current is 

observed and at threshold curtent a complete decorrelation between electrical 

and optica! noise is observed [38,39]. 

Above threshold a correlation (not 100 %) between optical and electrical noise is 

observed. This limits the improvements that can he obtained from electrical 

feedback methods to narrow the linewidth. Above threshold current a perfect 

correlation between the optical noise for both facets is observed [38]. 

It is found that mode hopping has a Lorentzian spectrum instead of a 1/f 

spectrum. Then correlation of r as high ~s 0.8 ~ y2 ~ 0.9 can he observed [39]. 

At low power the coherence between the optica! output for both facets depends on 

the optical absorption of the optica! active region in thermal equilibrium and the 

coherence function can he used todetermine the absorption coefficient [40]. 

No correlation has been observed between 1/f parts and g-r or white parts of the 

spectra in optical and electrical fluctua:tions [41]. The pitfalls in correlation 

measurements are apparent decorrelatiol!l due to background noise problems in 

one or both ampli(ying chains or full correlation in light due to reflections [40,42]. 
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4. PHOTODETECTORS 

Optica! fibre communication systems require receivers with high gain, high 

speed, low noise, and also reliability. This can he achieved by devices where the 

primary photocurrent is multiplied by impact ionisation. The noise performance 

of such devices can he hindered by tluctuations in the carrier multiplication 

proèess itself. Two types of structures are mainly used for high-gain applications: 

avalanche photodiodes (APD) and photomultiplier tubes (PMT) for a radiation 

detection. For a radiation souree obeying Poisson statistics, the white noise is 

given by [43,44] 

(3) 

where M is the multiplication factor and Fe is defined as the excess noise factor. 

The excess noise factor ranges from 1 up to proportional to M, depending on the 

devices. The onset of multiplication can directly be determined from the noise 

measurements when SJ({) deviates from the shot noise 2ql [45]. 

The noise, which sets a limit to the sensitivity, strongly depends on the ratio 

between ionisation coefficients of electrans and holes, a(E) and {3(E). Mclntyre 

and Van Vliet proposed models to determine F(M) [43,44] as a function of a(E) 

and /3(E). The minimum noise is obtained for large ratios k = al f3 where either 

electrans or holes provake carrier multiplication. Unfortunately, III-V compounds 

used for 1.55 and 1.3 Jlm, have k close to unity. The enhancement of k is done by 

a proper choice of ternary or quaternary III-V or II-VI alloys. (HgCd)Te 

avalanche photodiodes designed not only for a certain wavelength application but 

at the same time for low shot noise in the avalanche mode by realising large k 

were limited by considerable 1/f noise [46]. Forshorter wavelengtbs amorphous 

materialscan he used, for instanee a-Si:H/SiC:H multilayers APDs [47] or a-Se 

APDs showing 1/fnoise up to 3 kHz [48]. 

Proruising prototypes like Capasso avalanche photodiodes for example are 

designed for a reduced shot noise under multiplication bias conditions, but often 

had 1/fnoise up to 1 MHz [49-50]. Only electrons will ionise through impact with 

a maximum gain per stage of 2, leading in that casetoF = 1 [51]. Early works 

resulted in F = 8 fora multiplication factor of 35 with k = 0.2 [52]. A gain of 1.4 

per stage and with better noise results at 30 MHz, has been reached with devices 

where the material was changed from GaAs/AlGaAs ö-doped layers to 

AlGaSb/GainAsSb layers [53]. 
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Another prototype is the hybrid photomultiplier tube for radiation detection 

purposes, designed for magnetic field immunity and large sensitivity [54]. It 

shows a very high shot noise due to fluctuations in the gain under the impact of 

15 keV photo-electrons with an excess noise factor similar toa conventional APD 

with k = 1. This has been associated to backscattering effects in the device. 

A high-tech quanturn well infrared photo detector designed to detect 8 IJ.m 

radiation doesnotshow 1/f noise above 500 Hz [55]. High quality silicon photo 

detector diodes have corner frequencies where shot noise equals the 1/f noise 

contribution as low as 0.5 Hz [29] 

5. NOISE AS A DIAGNOSTIC TOOL FOR QUALITY AND RELIABILITY OF 

PHOTOEMITTERS AND DETECTORS 

General experimental facts about low-frequency noise that help us to understand 

the correlation between noise and device reliability are discussed in [56]. 

Investigations were designed to rapidly and non-destructively test whether the 

magnitude of the low-frequency noise in optoelectronic components can serve to 

assess their reliability and possible future life [25,57-64]. We can expect some 

correlation between 1/f noise and LED or laser diode degradation. Some 

degradation processes result in a decrease of spontaneous emission caused by an 

increase in bulk non-radiative carrier recombination. Dark lines can even be 

formed in areas of strain and dislocation. This so-called dark line defect 

degradation goes hand in hand with an increase in threshold current and a 

decrease in external quanturn efficiency. The electrical 1/f noise proportional to 

al 1: (see eqn.2.a) will increase, because the noise parameter a increases with 

dislocations and the effective carriers lifetime 1: reduces with degradation. The 

ohmic contact degradation can result in an increased resistance and higher 

device temperature and lower device life time. 

It was already mentioned that above threshold the 1/f noise is dominated by 

series resistance and interface. So we can expect that an increase in 1/f noise in 

the regime where Sv = 12 goes hand in hand with the ohmic contact degradation 

made, as observed in [64). 

If the noise stems from the same area in the device where the degradation takes 

place such as an optically active area or contacts, we can expect a correlation 

between the 1/fnoise leveland device lifetime during the accelerated life test. We 

can expect that catastrophic mirror damage, caused by melting of the facet 
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coating due to the absorption of a high optica! intensity, can result in a laser 

diode with a reduced optical output power but with equally good diode junction 

characteristics as before the mirror. damage. Such a mirror degradation mode 

occurs due to electrostatic discharge transients resulting in 106 to 107 W/cm2 

optical power densities and will not correlate with the amount of electrical 1/f 

noise. This explains why we never can expect a total correlation between 1/f noise 

and a number of standard life-test criteria, such as a specific increase in 

threshold current in terrus of dlog lthldt, a specific increase in the input current 

fora given output power, or a specific decreasein output powerfora given input 

current. 

Low-frequency noise analysis of optoelectronic components is always useful to 

check whether or not g-r noise or even worse random telegraph signal (RTS) 

noise is present, which both are indicators of poor technology [56] or a wrongly 

chosen stoichiometrie parameter value in the materials used [3]. This was the 

case in [61-63] where AlGalnP, InP/InGaAsP and GaAs/GaAIAs lasers were 

tested. Noise as the ultimate selection criterion to accept or refuse a device 

consiclering its expected device life time is still a matter of debate. Noise tests 

and classical selection criteria to distinguish between unsuccessful and successful 

devices always show categories of samples that are rejected on the basis of a 

noise criterion (B and F in Table.l) and not on the classica! criterion and vice 

versa. The reptacement of time-consuming and partially destructive tests 

(classica! selection criterion) by noise tests is possible if at least (B + C)/(A + B + 

C + D), or (F + G)/(E + F + G + H) becomes a negligible percentage. 

~~ Yes No 
t 

Yes No 

A B Yes E F 

C D No G H 

Table.l. a) A+B is accepted on classical criteria while A+C is accepted on 
electrical noise criteria. b) F+H is rejected on optical noise criteria while 
G+H is rejected on classica! criteria. For the same classica} criteria holds 
C+D = G+H and A+B E+F. 

The increase of electrical 1/f noise after a short life test (24 h) seems to he a 

better selection criterion than the electrical noise before the life test [62]. Optical 
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noise is less suitable compared to electrical noise for diagnostic purposes of the 

lifetime of the device [62]. The increase of 1/f noise after degradation also 

explains the increase of linewidth of highly coherent 1.55 ~tm multiple quanturn 

well distributed feedback lasers [58-60]. The relation between on the one hand 

radiative and non-radiative recombination lifetime and on the other hand the 

amount of electrical 1/f noise has been established [25,56,57]. Degradation 

increases the non-radiative recombination currents, decreases the effective 

overall r, and increases the 1/f noise and the linewidth. 

Low-frequency noise analysis is a very useful tooi for characterising prototype 

photodetectors [46,49,50,54,65] or polymer LED [66]. Devices based on lattice

mismatched heterostructures are notorim-'"s for their high 1/f noise, generation 

recombination noise and RTS noise [65]. PÓor passivation often leads to increased 

1/fnoise. 

6. DISCUSSION, CONCLUSIONS AND PERSPECTIVES 

The fluctuations in the optical emission intensity of semiconductor LED's, lasers 

and laser amplifiers can be explained either by fluctuations in the absorption 

coefficient or as fluctuations in the free electron concentration. The 1/f 

fluctuations in the extinction coefficient of an optical fibre can only he understood 

as fluctuations in the absorption coefficient. The observed fluctuations in the 

intensity of light propagating through optica! fibres have a 1/f spectrum and are 

not due to fluctuations in reflectivity at the ends. The relative noise in the 

intensity of the transmitted light is proportional to the fibre length. It was shown 

that the experimental results for the intensity noise of semiconductor laser 

amplifiers (SLA) can better he interpreted in terros of absorption coefficient 

fluctuations than in terros of fluctuations in the number of electrons. 

The 1/f noise in the emission intensity of $everal types of semiconductor lasers is 

calculated with either absorption fluctuaiions or number fluctuations. The four 

operating regions in order of increasing power are: 

1. The LED region at low bias. 

The optica! fluctuations are dominated by spontaneous emission and the 

speetral density in the optica} output Sp "" p 312 with P the Óptical output 

power. 

2. The SLA (semiconductor laser amplifier) region. 

Theemission stimulated by the optica! power on its way to the endfacetsof 

the cavity becomes noticeable with Sp oe p512. This region is only a transition 

region in multimode lasers, but is the main region over 2 decades in P in SLA 
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where the residual facet reflectivity is assumed to be negligibly small (R = 7 x 

10·4) and circulating power can be ignored. 

3. The super-radiation region at bias just below threshold. 

This region is characterised by a strong increase in emission at wavelengtbs 

corresponding to the longitudinal mode. This increase is caused by stimulated 

emission acting upon circulating power in the optica! cavity and Sp oe p4 

holds. The noise is very sensitive to external cavity reflections and without 

optica! isolator between souree and detector Sp"" pm with 6 < m < 7 is often 

observed. 

4. The laser region. 

Above threshold an increase in laser current mainly results in an increase of 

the coherent emission. The non-coherent power Pnc is more or less constant 

depending on the optica! confinement. Then we observe Sp oe p4nc ex pm with 

m = 0 for well designed index-guided laser diodes and m = 1 for gain-guide 

lasers. 

The low-frequency noise is a typical instrument for the study of optoelectronic 

device quality and reliability. Shot noise is a typical instrument to study the 

onset of multiplication in avalanche photodiodes. Every noise contribution in 

excess to the shot noise itself above 100 Hz is suspicious even for high-tech 

superlattice quanturn well photodiodes detectors. However, electrical and optical 

noise in laser diodes up to 1 MHz is rather normal due to the small value of 

recombination life time for excess carriers ( r = 10·9 s). Also, the corner frequency 

fc between the shot and 1/f noise is about fc = al r with a 10·3 for III-V 

compounds. If degradation goes hand in hand with an increase in non-radiative 

recombination and at the same time a decrease in effective value of r, then an 

increase in electrical 1/f noise will be observed. This physical mechanism 

explains the possibility of using 1/f noise as a complementary diagnostic tooi for 

the quality assessment of LED's and laser diodes. 

Electronica played a very important role in the 20th century, pbotonics will do so 

in the 21st century. Mechanica!, chemica! and magnetic systems will gradually 

be replaced by optoelectronic systems. Some examples are the compact disc 

players, solid- state CCD cameras instead of chemica! films, optical memories 

and infrared remote command. All electronic functions have already been 

realised in pbotonics like amplification, mixing, isolation, integrated opties and 

the waveguiding in optica! fibres, and even the optica! microprocessor is 

available. At this moment we are perhaps at a comparable situation in the field 
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of optoelectronics and pbotonics as we were in 1950 for electronics. In large 

systems with fewer electrons per device low-frequency noise like 1/f and RTS 

noise will become more important. A high-frequency oscillator consisting of 

submicron devices suffers from 1/f phase noise. The low-frequency noise also 

remains a bottleneck for long haul high bit-rate optoelectronic systems. 

Linewidth broadening due to 1/f noise at high optica} output is one example of 

the limitations due to noise. 
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A. REFRACTIVE INDICES OF PBOTONIC MATERIALS 

1. INTRODUCTION 

In this chapter, we will present a relationship between the refractive index n of a 

material and its bandgap Eg (1]. Such a relationship is not only useful for 

educational purposes but also for designers of waveguiding structures. For 

instanee the task of finding n is then replaced by the task of finding Eg [2]. It is 

also possible to derive relationships for the other dependences of n on 

temperature [3] or pressure [4]. For telecommunication devices such as optical 

waveguides, laser diodes and photodetectors, an empirical relation for n with a 

higher accuracy is required and should also include the dependenee of n on 

different parameters such as wavelength, doping concentration, temperature or 

stoichiometrie composition. We present here an efficient experimental metbod to 

measure directly the refractive index of bulk InP with a high precision [5,6]. 

Among many techniques to measure the refractive index (ellipsometry, Brewster 

angles measurements for instance), the coupling of light in a structure, by either 

a prism or a diffraction grating, gives the best accuracy for thin film materials or 

layered semiconductors. We will present briefly the principles of the 

maasurement with a diffraction grating etched in the substrate. 

2. EXPERIMENTAL SET-UP 

2.1. Principle 

A diffraction grating with a period A is etched on the InP sample with a 

refractive index of n2. A monochromatic light souree of wavelength À from a 
' medium n 1 illuminates it with an incideince angle e to the normal of the surface. 

In the case of perfectly conducting grating (n 1 = n2 = 1), the angles of diffraction 

8m are given by the grating formula [7] 

sin(em)=sin(tJ)+m ~ (1) 

where m = 0, ±1, ... , are the diffracted orders. A simple geometrical 

representation, as shown in Fig.1, gives the construction of the diffracted rays. 

The grating interface is represented by the axis xx'. The incident ray has an 

angle 6 to the normal (yy'). The energy of the incident light is distributed into a 
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reileetion (Jo), a refraction (Jo), diffractions in the medium n1 (Jm) and 

diffractions in the medium n2 (lm). According to Snell's law (for m = 0), the 

transmitted wave has also an angle e to the normal and intersacts the circle of 

unit radius in 10 and its projection on xx' is OAo. The mth order diffracted wave 

propagates along OJm whose projection on the axis xx', OAm is given by OAm = 

OAo + m ~ . The immediate result is that for a certain incident angle 0, the 

maximum order diffracted is given by the integer part of (1- sin 0) 1· 
y 

n, 

x' x 

y' 

Fig.l. Construction of the mth diffracted order. The diffracted waves are 
propagating along OJm and Olm. 

For a non-ideal situation, the grating is made of material with a refractive index 

n2 (n2 :t= n1). Eqn.l becomes 

(2) 

where m = 0, ±1,... are the diffracted orders. The construction of the various 

reflected or diffracted orders is comparable to the construction illustrated in 

Fig.l. Instead of a two half-circles of unit radius, the upper part of the circle has 

a radius n1 (vacuum, n1 = 1) and the lower half a radius n2 (lnP substrate, n2"' 

3), as shown in Fig.2. The period ofthe gratingis roughly 0.6 Jllil. For an incident 

wave of 1.5 }llll, the ratio ).JA is about 2.5. Under these conditions, the maximum 

order diffracted observable mmax is obtained when 8m = 90°. Hence, mmax is the 

A 
integer part of (n2 sin(O));:, which results in mmax = 1. The choice ofthe ratio 

).JA is made so that in the vacuum, there is only one reflected Jo and no 

diffraction, OAo + ).JA is always greater than 1. In the substrate, only one 
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transmitted Io will occur and only the first orders Im, with m = ±1, will he 

diffracted. 

One can see that there is a critica! coupling angle e = Be for which the first order 

IJ will he diffracted with a direction parallel to the surface of the sample, along 

xx'. Eqn.1 will result in 

(3) 

For a ratio MA = 2.5 and n2 = 3, the critica! angle is 30". 

If a photodetector is placed in the direction xx', the intensity of the optica} power 

detected will he maximum at the critica! coupling angle, that will give directly 

the refractive index of the substrate. 

y 

n,= 1 

x' 

"y 
I z 

Fig.2. Ray construction for the difft·acti~n of orders in media n 1 and n2 with 
refractive indices of 1 and 3, respectively. The ratio Ä/ A is approximately 
2.5. The propagation axis of the light lies in the plane defined by the xx', 
yy' axes, perpendicular to the surface of the grating shown in the right 
hand side graph. 

2.2. Experimental set-up 

x 

The light sourees used for the measurement are DFB lasers, with a collimated 

output beam, emitting at either 1.3 Jlm or 1.55 Jlm. The light can be polarised TE 

or TM by a half-waveplate. To avoid disturbances from externallight sources, the 

light is chopped at a fixed frequency, fret 
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A PbS photodetector with a sensitivity in the wavelength range between 1 pm 

and 3 pm, is positioned, as shown in Fig.3, to measure either the optical power at 

the reflection of the incident beam Jo or the optical power of the first di:ffracted 

order [z parallel to the surface of the sample. The photocurrent detected is 

amplified and fed to a lock-in amplifier for a synchronous detection with the 

chopper frequency as a reference. 

The. sample is mounted on a support allowing rotation, translation and tilt for 

the positioning. The rotations of the sample and detector are carried out by steps 

of0.01°, the light souree being at a fixed position. The sample is rotating with an 

angle e, the photodetector following with either a rotation (J for the measurement 

ofthe diffraction lz or 20 fora measurement ofthe reflection Jo. 

A Peltier element and a thermistor connected to a programmabie temperature 

controller allow temperature measurements between 10 oe and 30 oe. The 

temperature at the low side was limited by condensation problems. Stabilisation 

in time up to 0.1 oe between each temperature maasurement is about 30 min. 

Laser Srurce 
1.31Jm, 1.55 J.lffi 

I, 

PbS photodetecta 
(reflect i rn J0) 

Lock-in 
Amplifier 

Fig.3. Schematic ofthe experimental set-up. Lz is a set oflenses and collimator. 
The beam is choppad at a reference frequency, fre{ The PbS photodiode 
can be set to measure either the reileetion Jo or the diffraction lz with 
focusing lens L2. The light is coupled into the grating with the critical 
angle 8c resulting in lz propagating along the axis xx'. The detected 

signalis compared to the raferenee through a lock-in amplifier. 

The gratings, etched in the material, are obtained by holographic techniques. 

Basically, the shapes of the gratings are rectangular or trapezoidal, depending on 
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dry or wet etching, respectively. The period A can he set between 180 nm and 700 

nm. For InP with n ~ 3, and with the coupling angle fJ range available from 8.5° 

to 70°, the incident wavelength À. can he in the range of 0.5 pm up to 2 pm. This 

allows to measure the wavelength dependenee with available laser sourees in the 

1.3 and 1.55 pm range. The grating depth is about 0.2 J.lffi, which does not 

influence the measurements.It has been shown [5] that the grating depth plays a 

role for deptbs larger than 0.4 pm. Several trials have been made with a thin 

resin grating deposited on top of the sample. The coupling of light was more 

difficult but the results for the same substrate were the same. It has been 

observed that the polarisation of light does not play a role in the critica} coupling 

angle flc, but presents a better efficiency with a TM polarisation than with a TE 

one. 

3. REFRACTIVE INDEX MEASUREMENTS 

A typical measurement result of the refractive index at 300 K is given in Fig.4. 

The maximum of the intensity peak correspond to the critica! coupling angle flc in 

eqn. 3. From the physical parameters at 1.557 }lll1 and A of 520 nm, we find 

directly the refractive index to hen= 3.1251 with an uncertainty of3x10-4. 

~ 

:i 
!i 

0.20 

!;J O.li 

~ 
~ O.ll 

0.05 

7,2 7.3 7.4 

Coupling angle a (") 
7.5 7.6 

Fig.4. Measured optica} power of the first diffracted order I1 at 300 K. The 

sample corresponds to sample #16 in Table 1 in Ref. 8. The grating period 
and laser wavelengthare A= 520 nm and À.= 1.5577 pm respectively. 
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Two measurements are carried out, one at each side of the sample to avoid 

discrepancies due to a wrong position, the final result is given by the average. 

This is obtained by placing the photodetector at each side of the sample (in the 

xx' axis) and rotating the sample and detector clockwise or anticlockwise. 

The broadenin~ of the observed peak gives the error to the value of the refractive 

index. As shown in Fig.4, the peak extends over 0.05° with a measured standard 

deviation a of 0.02" corresponding an error in the refractive index measurement 

of 3x10·4 [8]. This broadening is ascribed to the divergence of the laser beam 

which is in the same order of magnitude [8]. 

The thermal expansion of the materialleads to a change of the grating period A 

According to eqn.3, the refractive index changes as well. By taking into account 

the thermal expansion coefficient of InP a= 4.75xto·6 K-1 around 300K [9], the 

grating period at 310 K is A:J1o = 520.026 nm (A:Joo = 520 nm at 300K). The 

misinterpretation in the refractive index due to that change in A is 1Q·4 for a 

temperature variation of lOK. Hence, with a temperature control of O.lK, the 

expected change in the value of nis then around 10-6 (l0-4/0.1). This variation is 

much smaller than the measurement error of3x1Q·4. 

The influence ofthe aperture ofthe photodetector on the accuracy is discussed in 

the following part of this chapter [8]. However, it is small compared to the 

divergence of the beam. 

3.1. Temperature dependenee 

020 

] 
... 
; 0.1> 

a 
I 
0 O.D 

72 7.4 7.6 

Coupling angle e (') 

Fig.5. Temperature measurements of sample #16 [8], from 290 K to 310 K in 
steps of 2 K The wavelength is 1.557 pm. 
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Measurements as a function of temperatqre are carried out between 290 K and 

310 K in steps of 2K, as shown in Fig.5. The values of n(T) are then plotted 

against the temperature, as presented in Fig.6. 

3.1!70 

~ 
3.1!60 

~ 
] 
.~ 
t:l 

3.1!50 

! 3.1240 

3.1!30 

290 295 300 

Temperature (K) 

305 3JJ 

Fig.6. Plot of the refractive index of InP sample #16 at 1.5577 Jlm as a function 
of temperature. The error bars of± 3x10-4 are also shown. 

The temperature dependenee dnldT is found for sample #16 to he 2.1x1o-4 K 1 

without taking into account the thermal expansion a of the materiaL The val u of 

the temperature coefficient corrected for the thermal expansion of the suhstrate 

is then 1.95xlo-4 K-1. 
All values found for InP suhstrates with different doping concentrations and 

dopants areabout 2x1o-4 K-1. This value can he compared with the result given 

by the empirica! relation and its temptj!rature dependence. We have for the 

refractive index [1,3]: 

n ( 
13.6 )2 

l+ Ea +3.4 (4) 

For Ea = 1.35 eV, we find n = 3.03. We assumed that the temperature 

dependenee of the refractive index is n:l.ainly caused hy the energy bandgap 

temperature dependenee dEal dT, we proposed a denvation resulting in [3]: 
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1 dn 

ndT 

(n
2- 1)

312 
(dE ) -'----'-::--- __Q_ + 25 x 1 o-s 

13.6n2 dT 

21 

(5) 

With dEaldT -2.9xlo-4 eV.K-1 for InP [3), we find dn/dT = 1.5xlo-4 K-1. This 

value is close to the experimental one (2x10·4 K·1) showing the usefulness of 

eqns. 4 and 5 fora first approximation in simulation programs. 

3.2. Doping concentration 

The carrier-induced and doping-induced change in the refractive index have an 

influence on the waveguiding structures. Attempts have been made to model this 

influence [10). When the doping concentration becomes important, we can 

consider the effect of free carriers in the material on the refractive index mainly 

resulting from intraband absorption. It has been shown in [11] that the refractive 

index dependenee on the free carrier concentration at the wavelength À is given 

by 

(5) 

where r 0 = q2f(4TCEomee2)= 2.82x1Q·15 m is the classica! radius of the electron, N 

and me are the electron concentration and effective mass, respectively, P and mp 

the hole concentrations and effective mass, respectively. 

4. CONCLUSIONS 

We have presented here an accurate method to measure the refractive index of 

semiconductor substrates developed at the EM2 group of the Univarsity of 

Montpellier II, France. It has been successfully applied to InP where the 

maasurement error is as low as 3xlo·4. With this experimental set-up, it is also 

possible to measure the wavelength and temperature dependenee on n. For the 

latterit is to note that our empirica! relation gives a value of 1.5x10·4 K-1 which 

is a nice result in view ofthe experimental result of2xlo-4 K-1. 
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Accurate measurements of the lnP refractive index as a function of free-carrier doping are reported 
at 1.3 and 1.5 ,urn, the two strategie wavelengths for optica! communications. A total of 21 samples 
with different N- and P -doping levels have been measured using a novel and simplilled 
grating-coupling tecbnique. In contrast to the conventional method, this only involves the use of a 
directly etched diffraction grating on the sample surface, thereby avoiding the necessity of a specific 
gulding layer. The measured index, in agreement with earlier predictions, deercases by more than 
0.05 when the N doping is increased from below 1015 toabout 1019 electrous per cubic centimeter. 
This effect, however, is much less pronounced with P doping than with N doping. © 1996 
Americanl11Stilute of Physics. [S0003-6951(96)00146-5] 

Indium phosphide is the basic semiconductor material 
for long-wavelength optoelectronic and photonic device fab
rication devoted to future optica! communication systems. 
Several modern applications in this field sucb as; wave
length-division multiplexing, design of Bragg reflectors, or 
modal calculations require an accurate knowledge of lnP re
fractive index in the 1.3-1.5 ,urn wavelength range. Such 
considerations have revived the field of lnP refractive index 
experimental determinationl.2 with the goal of increasing the 
accuracy of previously available reference data3.4 up to, at 
least, 10- 3 Evidently, snch accuracy necessitates a thorougb 
knowledge of free-carrier induced change in refractive index 
due for instanee to voluntary impurity doping. Unfortunately, 
the few available experimental data5-

7 show marked discrep
ancies. One frequently resorted in a theoretica! model8 to 
evaluate doping influence. 

One of the most accurate tecbniques for refractive index 
measurements employs a grating coupler etched on the sur
face of a gulding layer. 1

'
9 lt provides the effective guided

mode indices, neff• of allowed propagating modes within a 
planar waveguide. Very sharp peaks are observed .either on 
the reHected or guided signals as the input angle of inci
dence, e, is varied. Effective guided-mode indices, neff• are 
determined from the resonant-coupling angles according to 
the formula n.n=sin 8+mÀIA, where À is the wavelength in 
vacuum, A the grating period, and m the grating order. The 
r~ge of À and A are kept so that m = 1 in our experiments. 
This procedure has been employed to delermine the refrac
tive index of a thin nonintentionally doped InP layer gr'own 
by molecular beam epitaxy (MBE).1 

~ 1Electronic mail: chusseau@em2.univ~montp2.fr 

In the present work, the InP substrate index is obtained 
from a slightly different scheme which in fact is impHeit in 
our earlier work. Por example. as we have remarked in Ref. 
I, a guiding layer is not required to observe a sharp peak, 
the substrate index, n, !hen being given by n=sin ~+À/A, 
where 110 is the angle of peak position. The physical origin of 
this somewhat unexpected 10 peak resides in the ex perimental 
setup (see the inset of Fîg. 1) used for guided-mode 
observation. 11 Clearly, rays having incidence augles between 
00-A.e and 80 can only give rise to an optica] signal de
tected by the photodiode. Provided thai the detector aperture 
d is small compared to its di stance L to the sample exit edge, 
the angle straightforwardly follows from grating diffraction 
theory and SneU' s law according to 

1 
~ 
UI 
<: 
.2! 
.E 

0.8 

0,6 

0,4 

0.2 

38.4 38.5 38.6 38.7 38.8 38.9 
9(0) 

FiG. L Meas.ured optical intensity in the m =+I diffro.cted order with the 
experirnental arrangement given in the inset. Sample under test corresponds 
to No. 7 ofTable I, grating perîod and working wavelengthare A=510.2 
nm and >..=L3l59 ,urn. 

3054 Appl. Phys. lett. 69 (20), 11 November 1996 0003-6951196/69(20)/3054131$10.00 © 1996 American lnst~ute of Physlcs 



24 Chapter ll.B Carrier-induced change due to doping in refractive index of lnP 

1~r---------rs~~~ 
I 
wltb apparatU$ i 

reaponse ! 

12.5 12.55 12.6 

FlG. 2. Calculated optical intenstties ln the m =+I diffracted order wlth 
and without absorption (k=2X 10-4

• thick Jine and k=O, thin line. respec
tively). Bell shape curves account fur a Gaussian apparatus response een
tered at standard devïation. Calculations are performed at 

p.m assuming a serni-infinite JnP substrate whose real part of the 
refractive index is n= 1.553. Grating period and depthare A=530.1 and 250 
nm. respectively. 

sin(IJ0-t.O)=n( 1·- (I) 

A first-order expansion yie1ds an estimate of t.O (Fig. 1), 

sin d2 

4~ w 
Applying Eq. (2) to our experimental conditions, i.e., d 
= 0.5 cm, L = 20 cm, and witb the lnP substrate of Ref. I at 
À= 1.5577 p,m, we obtain t.O= 6 X 10- 3 degrees. In practice, 
the measured peaks are wider as seen in Fig. I for a typical 
measurement at 11.=1.3159 p,m with sample No. 7. The mea
sured peak extends over 48=0.05°, corresponding to five 
steps of the motorized rotating sample holder. Accordingly 
the standard derivation is <T=0,02°. This value is ahout three 
times greater than the 6.0-value calculated from Eq. (2). Such 
a broadening of the response comes from the heam diver
gence of out illuminating laser, which is of about the same 
order of magnitude. This 0.02° angle uncertainty corresponds 
to a 3 x w-• uncertainty on the substrate refractive index, 

Because of the novelty of our measurement technique, 
we had to ensure that the above crude ray analysis agrees 
well with the rigarous electromagnetic theory. Therefore, we 
calculated the optica! intensity in the m= + I diffracted or
der using Moharam's formalism 12 without (k=O) and with 
(k=2X 10-4) absorption. The results are given in Fig. 2 
together with their convolution with a Gaussian experimental 
apparatus response having the standard deviation cr=0.02". 
Without absorption, the optica! intensity reaches zero with an 
infinite slope exactly at 00= 12.521". This angle is directly 
related to the prescribed substrate index n = 3.1553, grating 
period A=S30.1 nm, and wavelength 11.= 1.5577 p,m, Conse
quently, there is no path tor a light ray emerging exactly 
parallel to the grating surface. The resulting signa! account
ing for the apparatus response exhibits in that case a maxi
mum noticeably shifted from 00, However, with a realistic 
absorption of k = 2 x w-•, the optica] intensity decreases 
smoothly without the previous singular point occurring at 
00 . Accounting for a Gaussian apparatus response yields a 
signa! with a nearly Gaussian shape whose maximum occurs 
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TABLE I. Sample characteristics and measured refractive indices at T 
=300 !<. 

Sample Doping 
No. type 

1 
2 
3 

9 
H} 

11 
12 
13 
14 
15 
16 
17 
18 
19 

20 
21 

n.i.d.a 
Fe 
Fe 

n.i.d. 
n.l.d. 
n.î.d, 

·Sn 

s 

s 

Cd 
Zn 

Doping level 
(x Wil! cm-3) 

N~0.001 

N~0.001 

N=O.OO! 

N=0.0042 
N=O.OOS4 
N=0.0061 
N=0.074 
N=l.l 
N= 1.2 
N=2.0 
N=3.1 
N=3.2 
N=4.0 
N=4.4 
N=5.2 
N=8.2 
N=8.5 
N=IO 
N=l2 

P=l.1 
P=3.6 

n-1.3159 ;im n-1.5517 ;.tm 

3.2081 3 1722 
3.2052 3.1683 
3.2046 3.1679 

3.1701 
3.1679 

3.2041 3.1688 
3.2050 3.1685 

3.1624 
3.1622 
3.1585 

3.1909 3.1530 
3,!940 3.1553 

3.1430 
3.1461 
3.1455 

3.1671 3.1251 
3.1268 
3.1170 

3.1638 

3.2062 3.1634 
3.2021 3.1616 

at 12.513". The systematic error made by assuming that the 
substrate index corresponds to this 0.008° -shifted peak maxi
mum is much smaller than the angle accuracy of 0. 02° 
quoted above: Consequently, this methad appears to he the 
best tradeoff hetween accuracy and simplicity. 

Gratings were defined on eacb substrate sample by 
means of a holographic technique using calibrated fringes 
obtained with an argon laser, They were further etched in a 
Plasmalab 80 chamber with SiCl4 . Resulting grating profile 
was therefore nearly square. Calibration procedures either in 
gas ftow and rf power have allowed a perfect control of 
grating depth that was always kept clÓse to =I 00 nm. Owing 

: to this Jow value, we could eliminale any secondary effect 
resulting from deep gratings. Experiments were conducted 
with two distributed feedback (DFB) semiconductor lasers 
emitting at 1.5577 and L3159 p.m. Both these devices were 
operaled at a =I mW output power that corresponds {o the 
calibrated wavelength given above. The sample temperatore 
was stabilized at 300 K using a therrnoelectric cooler, ensur
ing a negligible sample heating. As is well known, this is 
required for accurate index measurements. 1.2 

1 Experimental results are listed in Table I and plotted in 
· Fig. 3, The data of sample No. I, shown in TableI for com

parison, are taken from Ref. I. This value, in fact, has heen 
measured using the conventional grating coupling technique 
and belongs to the previously mentioned nonintenionally 
doped MBE grown lnP layer on an N=3.2X 1018 cm- 3 

doped substrate. The mean accuracy of our refractive index 
data from the modified grating-coupler methad described 
here is estimated to he = 5 x 10-4 when all contributions are 
considered. The doping level was measured from the Hall 
effect on all samples. The typical accuracy on this measure
ment heing estimated to be of the order of =20%. For the 
three nonintentionally doped samples No. 1-3, we have as-

Chusseau et al. 3055 



Carrier-ind-q,ced change due to doping in refractive index of lnP 25 

3.22 

3.18 

3.14 

3.10 
1~5 1~6 1~7 1~8 1~9 

Doping Level (em·3) 

FJG, 3. Measured lnP refractive index as a function of doping Jevel and type 
for the lwo wavelengtbs used in experiments. Square: À=L3i59 pm, 
circles: ft.=l,5577 ~m. filled symbols: Ndoping, open symbols: P doping. 
Dark and gray solîd fines are guidelines to the eyes for N and P doping, 
respec!ively. 

sumed a doping level of N = 1015 cm- 3. lt appears from 

Table I that InP samples having very similar doping levels 
exhibit the same refractive index values to within a few 
times 10-3 This discrepancy is probably a consequence of 
subsirale manufacturing conditions and/or the nature of dop
ani atoms· andlor different densities of growth-induced de
fects. One can expect that a more accurate delerminatien of 
the free-carrier concentration logether with a thorough 
knowledge of the sample crystalline quality would further 
reduce data dispersion. Nevertheless, the most important 
condusion of our study is the large decrease of the 
n-value, ~4.5X I0- 2at -1.3 p.m and -5.5X 10-2 at -1.5 
p.m, when the N -doping is increased from a low level (non
intentionally doped, ~ 1015 cm- 3

) up to about -1019 

cm- 3 • Also worth indicating is the reduced effect in the case 
of P doping. 

A simple comparison of our results with those previ
ously published, bath experimental5-

7 or calculated,8 show a 
general agreement. The overall tendency fora rapid deercase 
of n as soon as doping level exceeds 1018 cm- 3 can be 
clearly evidenced from Fig. 3. lts origin is mainly the intra-

3056 Appl. Phys. Let!., Vol. 69, No. 20. 11 November 1996 

band free carrier absorption also known as the plasma 
effect.5·ó.S From a quantitative point of view, we can campare 
our . measurement results to calculations. For instanee at 

À= 1.5577 p.m, the mean measured decreases of n-values are 
7XI0-3 , 3XI0-2 , and 5.5Xl0- 2 for N=J018 cm- 3 , N 
:3XI018 cm- 3 and N= 1019 cm- 3, respectively. At the 
same doping levels, the calculations reported in Ref. 8 pre
cliet 7XI0- 3, 3xJ0-2, and 8x10- 2, respectively. Al
though a slight discrepancy appears at the highest doping 
level, this very good agreement comforts the model proposed 
in Ref. 8. 

In conclusioo, accurate measurements at 1.3159 p.m and 
1.5577 p.m of InP refractive indices have been performed as 
a function of doping type and level. A new measurement 
metbod derived from the grating eaupier technique has been 
applied to 21 samples. This large number of samples cover
ing a wide range of free-carrier concentrations must be of 
great use to those invo1ved in the design of lnP-based pbo
tonic devices eperating in the 1.3-1.5 ,urn wavelength range. 

This work was supported by France Telecom CNET un
der Contract No. 95 6B 021. The authors wish to acknowl
edge the fruitful discusslons with E. M. Skouri and J. Ar· 
naud. They are also grateful to P. Petit for performing Hall 
effect measurements on most of the. samples studled bere. 
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GENERAL RELATION BETWEEN REFRACTIVE INDEX 
AND ENERGY GAP IN SEMICONDUCTORS 

P. HERVÉ and L.K. J. VANDAMME 

Deparlment of Electrical Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, 
Tbe Netherlands 

(Received 8 Seplfmber 1993) 

Al!stra<t~A review is given of existing relations and nl.les of thumb between refractive index and energy 
gap in semiconductors. An error deviation was ealculated on more than one hundred materials. With only 
one set of fitting parameters, our model n2 = 1 +[A /(E, + B)]', based on the classica! oscillator theory, 
gives good fit except for IV-VI matenals like PbS, PbSe, PbTe. The constant A was found lo have the 
same value as the hydrogen ionization energy i.e. 13.6 eV and B = 3.4 eV. 

INTRODUCTION 

Many attempts have been made to correlate the energy bandgap to the optîcal refractive index 
of semiconductors. Estimation of this parameter is important for optical waveguiding in opto
e!ectronic structures !ike heterojunction laser diodes, optica! amplifiers or optica! fibres. Moss(ll was 
the first to find a relation between the refractive index n and the energy bandgap E,. Ra vindra 
et a/P·'l suggested a linear relation. Recently, Reddy et al. (•l proposed a logarithmical form of n 
as a function ofE,. Ghosh et af.(>) and GopaJ<•l found a relation for different groups of matenals 
based on Penn's description of the wave-number dependent dielectric function of semiconductorsPl 
resulting in different sets of fitting parameters. Here we propose an overall relation, which gives 
accurate results and which is based on the classical oscillator theory. 181 The experimental results 
of more than one hundred compounds have been colleeled from literature.<2

•
4

•
5
•
9
•
10l 

MODELS AND RULES OF THUMB 

In the analysis below, all bandgaps are indicated by E, in units of eV and the optica! refractive 
index is visible !igh t. 

In 1950, Moss<•> proposed a simpte relation based on the fact that energy levels of electrans in 
a crystalline solid are scaled down by a factor l/topt2, where topt n2 is the optica! dielectric constant. 
He proposed: 

n• · E, = K with K =95eV. 

Ra vindra et at.<11l suggested a revised value of K = 108 eV for a better curve-fit, hence 

n4
• E3 = 108. 

(I) 

(2) 

Ra vindra and Gupta<'l argued that the atomie model used by Moss limited the validity of his 
equation. Therefore, they proposed a third relation which is a !inear relation between the refractive 
index n and the energy gap E, 

n = 4.084 - 0.62E1 • (3) 

This relation was examined by Moss,o2> who pointed out that equation (3) is restricted to energy 
gaps ofless than about 4 eV and gives unrealistic results for both low and high E,. 
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e(ro) 

uv 

t(O) 1----------

0 

Fig. I. Plot of !he dielectric constant vs frequency in covalent crystals, showing dispersion in the UV 
region. The dotled line is the correction due to damping, avoiding the infinite dispersion of light. 

More recently, Reddy et af.l•l presented a new formula with an exponential behaviour quite 
similar to the Moss relation · 

E8 • e• = 36.3; (4) 

Among semiconductors we have to distinguish those with only covalent bonding (electron 
polarizability only) from those with fractional ionic bonding. For covalent crystals, such as 
Si or Ge, the frequency-dependent dielectric constant can be understood on the basis of 
equation ( 5)<8> 

41CNq 2 I 
<(ro)= I+----

m wij- ro2 (5) 

where Nis the density of valenee electrons, m the rest mass of electrons, and ro0 is the UV resonance 
frequency. As we can observe in Fig. I, the dielectric function is constant for w ~ ro0 • For this kind 
of material, we can state that in the optica) region, where ro0p < ro0 , the high-frequency dielectric 
constant bas the same value as the static dielectric constant (ro -.0) i.e. 

(1)2 

n 2 ~H(~)~E(0}~) +-1 
Wo 

with ro~ = 4nNq 2/m as the plasma frequency. 
Penn(7l proposed a modilied expression of equation (6) 

E(O) ~ l + (~P y · So 

with 

E0 I ( E0 )
2 

So = I - 4Ep + 3 . 4EF 

(6) 

(7) 

(8) 

where E0 = hroP is the UV resonance energy and EF is the Fermi energy. The factor S0 was first 
taken as unity (E0 /4Ep ~ I), but other calculations were made with S0 = 0.62.<2l 

27 



28 Chapter Il.C General relation between refractiue index and energy bandgap ... 

Refractive index and energy gap re~tionship in semironductors 611 

' i 
For binary compounds, such as NaCI or even Ga!As, there is an additional con tribution to the 

frequency-dependent dielectric constant due to som~ fractional ionic bonding. The equation for 
the motion of ions of the lattice leads to a dispersion formula, in the infrared region, similar to 
equation (5) because of transverse optica! phonons.! Therefore, we express the dielectric function 
in an îonic diatomic lattice as<8·'

3l i 

(9) 

where ~is very like the plasma frequency for the ions,(l!l and w,. is the infrared resonance frequency. 
In Fig. 2 we notice that the optica! dielectric constant is different from the static constant 
[€ '(0) - c '(ru"") = (~/w,. )']. Since we only added contributions of electrooie and ionic polarizabil
ities, we neglected some effects like radiative relaxat)on or local field correction.~"l In Figs I and 
2, the dotted lines indicate the damping. This corrcl:tion allows us to avoid infinîte dispersion of 
light at resonance. 

For all the materials in the optica! range (ruT< <l!0p < ru0), we propose that the refractive index 
is [from equations (6) and (9)] · 

n = [€'(roop)]';' [€(ruOp)]'li = J 1 + (E.! B y (10) 

where A, Bare 13.6 and 3.4 eV respectively. lt should be noted that A is equal to the hydrogen 
ionisation energy which is 

(11) 

where m is the rest mass of the electron and €0 is permittivity of free space. 
The equation we propose, is based on the oscillatory theory181 and we have assumed that the 

difference between the UV resonance energy liru0 and the energy bandgap E, is constant 

(12) 

e:(co) 

Infrared 

~o)r---------------

2 
n 

0 ~------------------~+-------~--------------~~------------co 

Fig. 2. Plot of the dielectric constant vs frequency in covalent crystals with fractional ionic bonding. lt 
shows disperslons in the infrared and UV regions. 

(R&dla) 
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Table I. Energy gap and refractive index data (plotted in Fig. 1). Values of alkali balides are from (10, 14), !he va1ues 
for iternary and quatemary alloys are from (5), other values are from (4, 10) 

Material Material 

c 5.4 2.35 Nat 5.9 1.77 AglnTe, 
Si 1.1 3.46 KF 10.3 1.36 GaP:cAs1_x 

Ge 0.67 4 KC! 8.5 1.49 (x) 0 1.43 3.3 
Sn "'0 4.8 KBr 7.6 1.55 0.20 1.661 3.22 
s 3.82 2.04 KI 6.17 1.67 0.60 2.177 3.09 
Se 2.3 2.45 RbF 10:4 1.4 1 2.24 2.9 
Te 0.335 5.3 RbCl 8.3 1.49 Ga,AI,_,As 
As 1.2 3.35 RbBr 7.2 1.55 (x) 0 2.18 3 
BN 4.6 2.1 Rb I 5.8 1.64 0.60 1.945 3.12 
AlN 3.8 2.16 PbS 0.41 4.15 1 1.43 3.3 
AlP 2.45 2.75 Pb Se 0.29 4.79 CdS,Se,_, 
A!As 2.18 3 Pb Te 0.32 5.73 (x) 0 1.74 2.49 
Al Sb 1.6 3.19 NiP, 9 1.56 0.36 1.97 2.41 
GaN 3.25 2.4 ZnSiP2 2.1 3.1 0.58 2.11 2.36 
GaP 2.24 2.9 ZnGeP, 1.99 3.1 0.92 2.33 2.3 
GaAs 1.43 3.3 ZnSnP, 1.62 2.9 1 2.4 2.38 
Ga Sb 0.7 3.79 ZnSiAs2 1.7 3.1 Cd,Hg,_,Te 
InP 1.35 3.1 ZnGeAs, 0.85 3.5 (x) 0 -0.24 3.74 
InAs 0.36 3.5 ZnSnAs2 0.65 3.6 0.22 0.13 3.51 
In Sb 0.18 3.95 CdSiP2 2.2 3.1 0.38 0.38 3.29 
SiC 3.1 2.59 CdGeP2 1.72 3.3 1 1.58 2.7 
ZnO 3.7 1.92 CdSnP, 1.17 3.1 AgGa,In,_,s, 
ZnS 3.54 2.27 CdSiAs, 1.55 3.5 (x) 0 1.858 2.5 
ZnSe 2.58 2.43 CdGeAs2 0.61 3.4 0.40 1.974 2.41 
ZnTe 2.26 2.7 CdSnAs, 0.26 3.7 0.92 2.54 2.38 
CdO 2.5 2.32 CuAIS2 3.5 2.4 1 2.7 2.4 
CdS 2.4 2.38 CuAJSe, 2.7 2.6 In 1 __ ,GaxAsyP1_;-

CdSe 1.74 2.49 CuA1Te2 0.9 3.3 (x) 0-0 1.35 3.! 
Cd Te 1.58 2.7 CuGaS, 2.4 2.67 0.127~.276 1.175 3.2 
HgTe 0.2 3.74 CuGaSe, 1.7 2.8 0.287~.614 0.913 3.29 
ÇuC! 3.31 2.19 CuGaTe2 I 3.3 0.407~.884 0.777 3.37 
CsF 10 1.48 CulnS, 1.5 2.6 0.46-l 0.723 3.42 
CsCJ 8 1.61 CulnSe, 0.96 2.9 
CsBr 7 1.67 CulnTe, 0.95 3.4 
Cs! 6.3 1.82 AgGaS2 2.7 2.4 
NaP 10.5 1.33 AgGaSe, 1.8 2.8 
Na Cl 8.9 1.54 AgGaTe, 1.1 3.3 
NaBr 7.3 1.64 AglnS, 1.858 2.5 

Equation (10) can be approximated by a series decomposition and expressed in a rational polynom 
as follows 

4.12 + 0.073 · E8 + 0.0093 · E~ 
(13) n= 

1 +0.3 · E. 

This approximation is less useful due to (i) the large number of constants (four), and (ii) the small 
range of energy bandgaps E8 .:; 15 eV. 

RESUL TS AND DISCUSSION 

In the same graph (Fig. 3), we plotted the experimentally observed values of refractive indices 
versus El.4,s.t.IIJ) found in Table 1. The curves show the different models given by equations (1), 
(4), and (10). 

We calculated the refractive index values of each model for more than one hundred materials. 
For each group of materials (e.g. lii-V, chalcopyrites, etc.), we calculated lln the absolute value 
of the deviation in percentages between the experimental value of n of each element and the 
value estimated by each model. In this by definition lln = lOOin...,- nmoded/n.,P, where n .. P is 
the experimental values of n and nmo<~<' is the model estimation of n. The results are summed up 
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• 

+ 

.. În Eg (eV) 
Our model eq.10 - ... ... v __ 

2 4 6 8 10 

Fig. 3. Refractive index vs energy gap. The lines are drawn according to equations (I), (4) and (10). 
The following symbols are used to den.ote different groups of serniconductors: + group IV, 0 As, D. VI, 
+ III-V, A SiC, e Il-VI, 'i7 I-VIl, 0 NiF2 , 0 II-IV-V, chalcopyrites, 'Y I-IIl-VI, cha1copyrites, + 

IV-VI and • is for temary and quaternary mixed alloys. 

in Table 2. To evaluate the overall accuracy of the mode\s, we found the overall deviation, 
i.e. :EAn/number of elements, for all materials which tells us whether or not the models are useful. 
In Table 2 the families V, IV-IV and NiF2 consist of only one material. The group indicated by 
IV-VI contains PbS, PbSe, and PbTe. 

Table 2. Deviation ~ of each group of semiconductors and overall average deviation 

Group 

IV 
V (As} 
VI 
Ill-V 
IV-VI (SiC) 
ll-VI 
I-VII 
IV-VI 

(PbS, PbSe, Pb Te) 
NiF2 
Chalcopyrites 
GaP.,As1_, 

Ga.,AI,_xAs 
CdS,Se1_, 

CdxHg1_xTe 
AgGa,In1_ ,S, 
ln1_xGa.tAsrPl-r 

Overall~ 

NiA: nol applicable. 

Present study Moss Ravindra Reddy 
equation (10) equation (l} equation (3) equation (4) 

14.14 12.83 23.4 6.72 
6.83 10.96 0.3 1.78 

12.96 11.84 17.08 11.52 
6.63 10.27 10.28 8.29 

10.46 9.16 16.53 5 
8.48 6.16 10.4 12.58 
3.3 19.04 N/A 5.8 

21.6 14.91 19.47 8.76 

4.86 15.54 NIA 10.6 
6.47 8.34 8.09 10.43 

11.27 14.23 6.71 4.77 
11.34 14.37 ; 6.59 4.82 
11.7 8.71 16.18 19.4 
13.19 24.04 14.8 38.38 
7.66 5.41 10.45 14.93 
1.31 3.62 5.95 10.79 

7.67 11.23 10.61 10.28 
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Fig. 4. P!ot of the experimentaUy observed refractive Indices vs the energy bandgap. on a modified Y ~axis 
sca.ie Y = [n~- q-11 vs X= E

8 
denoted by the same symbols used in Fig. 3. The broken lïnes are drawn 

according to equations (!5), (!6), and (!7). The full tine represents our model given by equation (18). 

Our model gives the lowest deviatian for lil-V, 1-VII, and chalcopyrites compounds. It gives 
good results for many mixed alloys and the H-VI group. Our model is limited for the IV-VI 
materials. 

In Fig. 3 we notice for E, < I eV, that matcrials of the IV-VI group and Te have high refractive 
indices (n > 4.5). For the same bandgap, other matcrials have lower indices (n < 4). An overall 
model should have a unique value of n for each E,. All models with the exponential behaviour 
proposed by Moss and Reddy wil! show smaller deviation in n for IV-VI materials for low E,. 
An approach to a better accuracy is a model with different sets of constauts for each group of 
materials"·6

' and especially for ternary and quatemary mixed alloys. · 
Ravindra relation [equation (3)] gives unrealistic values of the refractive index for high E, 

compounds (I-VII group and NiF2). In Table 2, the average deviation !!.n of these matcrials was 
not taken into account when the overall !!.n was calculated. 

To check the validity and to emphasize the range of applicability of our model given by equation 
( 10), we plotled Fig. 4 with 

Y = J(,.;,_,1_ 1)vsX = E, (14) 

where n.,, are the experimentaUy refractive indices of the materials. The new valnes are denoted 
by the same symbols used in Fig. 3. We generaled a set of X, Y values starting from the model 
equations (!), (3), (4) and (10), by using Y = (nm ... ,' !)-'!'. This results in the equations (15), (16), 

(17) and (18) for the models given by equations (I), (3), (4) and (10) respectively. Insteadof n"''' 
we used the estimated values of the refractive index n"_, of each model. For the Moss relation, 
we drew YM~• vs X= E,, in Fig. 4 with 

(15) 
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For the Ravindra relation, Y Ra'""'" vs E, wîth 

YR•.m.lra = ((4.084 0.62 · E,)'- 1]-112• 

For the Reddy relation, Y Roddy vs E, with 

YR...,, = {[In(36.3) -ln(E,)f- I}- '12 

and for our model, we find a straight Jine Y vs E, with 

Y = E,+3.4 
13.6 . 
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(16) 

{17) 

(18) 

In Fig. 4 we observe the high divergence of the Ra vindra relation at high E,, and the high degree 
of accuracy for our model. 

CONCLUSION 

Inspired by a classica! oscillator theory, we propose an accurate overall relation wîth 
n2 = I +[13.6/(E,+3.4)f, where the first constant 13.6eV corresponds wîth the value of the 
hydrogen ionisation energy. For low E, values, we observe two kinds of material (i) with high values 
of n described more accurately by a relation such as equation (1) or equation (4) (ii) with low 
values of n better described by equations (3) or (10). Our model is more accurate for most of 
the compounds used in optoelectronics structures and for high-energy bandgap materials, but it 
cannot properly describe the behaviour of the IV-VI group. 
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Valnes of the temperature coefficient of the refractive index were obtained from the derivation of a 
simpte relation between energy band-gap and refractive iudex in semiconductors. These values, 
(dnldT)In, were compared to !he experimental data found in literature. Our model, with only one 
fitting parameter dB/dT=2.SX w-s K-1 for all semiconductors, results in !he best agreement wilh 
experimental data © 1995 American 111Stitute qf Physics. 

Sometimes, it is useful to have a rule of thumb1 or an 
empirica! relation, for !he mobility,2 for example, to make a 
first estimation in modeUing devices. A few empirica! 
relations3- 5 relate the refractive index to !he energy band gap 
for a large set of semiconductors. However, in these relations 
the refractive index n is independent of !he temperature and 
the incident-pboton energy. Our aim is to show how these 
expressions give good approximations for !he temperatore 
coefficient of !he refractive index for several semiconductors. 
For that reason, we used experimentally observed data.6-IO 

The experimental results were measured far from !he absorp
tion · edge. The temperature dependenee of !he energy band 
gap E0 (eV} is denoted by dE0 1dT (eV K-1

), !he tempera
tore coefficient for !he refractive index by (dnldT}In (K- 1). 

and !he temperature by T(K). From !he empirical relations, 
we derived !he temperatore behavior. We compared !he re
sults obtained for a dozen of different semiconductors (IV, 
m-V, IV-VI). Our temperature-dependence relation results in 
!he best agreement with experimental data. 

Here, we wil! quickly review !he various relations be
tween n and E0 • Moss3 presenred !he following equation, 
based on an atomie model: 

(1) 

where !he constant K is originally 95 e V and was found to be 
108 eV by Ravindra et o/. 11 Later on,4 they gave a linear 
form of n as a function of E0 : 

n=a+IJEo (2) 

with a=4.084 and P=-0.62 ev-t 
Inspired by simpte physics of light retraction and disper

sion, where tbe dieleetrio function is 

(3) 

with ~ the permittivity of free space, N the density of va
lence electrons, m the rest mass of electrons. and Wo !he 
ultraviolet resonance frequency, we proposed an empirica! 
relation for """Wo· as follows:5 

n=~l+(-A )2 
E0 +B (4) 

with A=l3.6 eV and B=3.4 eV, benceforth our model is 
denoted by HV. 

In Eqs. (1), (2), and (4), !he temperatore dependenee of 
n sterns from !he varlation of E0 with T and from !he con
staniS involved in !he relations. In order to check which 
temperatore-dependence relation is !he best, we assume !he 
constauts to be linear functions of T. In Eq. (I) we wil! 
assume that both K and E 0 are temperature dependent. Thus 

(5) 

In Eq. (2), two constaniS play a role, but we only con
sidered !he constant IJ (-0.62 eV-1 at 300 K) to be linearly 
temperature dependent lt results in 

I dnRavindta I dE0 
1J ( 1 ) ;_---;pr- = 

1 
{3,Eo+ TT f3 a+ IJT 

. diJ 
wtth IJ1 = dT. (6) 

In our Eq. {4), we have sbown that !he parameter B (3.4 
eV) was a function of !he incident-pboton wavelength,12 but 
this energy will be considered as a Hnear function of tem
perature. Hence, we find for the temperature coefficient of 
!he refractive index 

dB 
wilh B 1= dT' 

After substitution of !he expression 
= [(13.62/n 2)-1) 112 in Eq. (7), we have 

I dnHV _ (n
2-l)312 (dEo 1! 

;_-;n:-- 13:6rT TT+B,,. 

(7) 

(8) 

The various semiconductors and data used are shown in 
Table I. The parameters K~o {31, or B 1, are constant for !he 
all the matcrials studied. They were computed to result in !he 
lowest deviation between experimental data and !he valnes 
given by Eqs. (5), (6), and (8). They are found to be 
6.68X10-4, -5.15XJ0-6, and 2.5X10-s eV K- 1• respec
tively. 

The temperature coefficient of !he refractive indices of 
!he various matcrials are plotted versus !he energy band gap 

5476 J. Appl. Phys. T7 (10), 15 May 1995 0021-8979195/77(10)/5476121$6.00 @ 1995 Amerlcan lnstltute of Physics 
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TABLE t Expertmental values of tlte energy band gap and its temperature 
roeflident and the refractive index tempel'ature-dependence forsome Sémî~ 
conductors. 

Ea dEGidT (dnldT)in 
Material (eV) (eVK-1) (K- 1) Reference 

lnSb 0.18 6 
PbSe 0.278 +S.Ixto-4 -2.1X!0-4 

Ge 0.67 - J.7x w-• 6.9x w-' 
GaSb 0.75 -3.7xl0-' 8.2Xl0-' 6 
Si l.l -2.8XI0-4 4.0X!0-5 

lnP 1.35 -2.9x w-• 2.1x w-• 
GaAs 1.43 -3.9XI0-4 4.5XIO_, 6 
AlAs 2.15 -4.0xw-• 4.6Xl0-s 9 
AlP 2.41 -3.7Xl0-4 J.6x w-• 9 
SiC 2.86 -3.3Xl0-4 2.9X!O-' 6 
GaN 3.5 -4.8Xl0-4 2.6Xl0-5 6 
c 5.48 -s.oxw-• 4.ox w-• 10 

in Fig. i. The calculated values, given by Eqs. (5), (6), and 
(8) whlch arebasedon the relations of Moss, Ravindra et al., 
Hervé and Vandamme, respectively, are presented on the 
same graph. 

Among some classica! semiconductors, two show par
ticular temperature dependences. Usually, when T increases, 
E0 decreases (the band-gap temperature coefficient"is be
tween -2Xl0-4 and -5x10-4 eV K- 1) and n increases 
(about a few 10-4 K- 1). Diamond presents a 5-10 times 
lower energy band-gap temperature dependenee heing 
-5X 10-5 eV K-1• Besides that, its refractive index tempera
ture coefficient is about ten tirnes lower than for other semi
conductors presented (4Xl0-6 K- 1). Knowing the energy 
band gap and its temperature variation, the three relations are 
able to predict this particularly smal! value of the refractive 
index temperatute coefficient (giving results between 
2X 10-6 and -4X 10-6 K- 1). 

The second semiconductor showing particular properties 
is the lead selenide. Like others from its group, dEG/dT is 
positive and (dnldT)In is negative. Equations (5), (6), and 
(8) are, again, able to give good estimations of that partienlar 
bebaviout, however with a larger dispersion ( -8X 10-5 to 
-4.5x10-4 K- 1). 

From Fig. I, we see that all the relations are able tÖ 
follow the trend of the experimental results. However, we 
abserve that Moss' relation gives a strong deviation at low 
energy band gap ( <1.43 eV). Above tbat value, this relation 
is the ciosest to the experiment results. On the other hand, 
Ravindra's relation provides more accurate estimations be
low 1.43 eV than Moss' one, and starts to deviate at higher 
energies (> 1.43 e V). Compared to these two relations, our 
model Eq. (8) presents a hetter overall behavior. lt gives the 
best results below 1.43 eV, and it is cjuite close to the experi
mental values above that energy. 

J. Appl. Phys., Vol. 77, No. 10, 15 May 1995 

x 
0.13 0.213 0.67 0.7S Ll US tAl 2.lS 2:.41 2.86 3.5 S.4! 

Eo (eV) 

FIG. 1. Plot of the temperature coefficient of the refractive index vs the 
energy band gap. The line stands for the uperimental resul!S. The crosses 
(X) stand for Eq. (5), based on Moss' relerion. The crosses ( +) are for Eq. 
i(6), based on the relation of Ravindra et aL aru1 the open squares (0) for 
our model HV [Eq. (8)]. 

Three relations for the temperature dependenee of the 
refractive index are proposed and compared for various 
semiconductors. From our empirica! relation between energy 
band gap E0 and refractive index n [n 2-t =A2/(EG+B) 2

, 

with A=l3.6 and 8=3.4 eV], we obtained overall good re
,sults for the temperature coefficient (dnldT)In. The trend of 
the predicted values are in good agreement with the experi
mental data, even for some semiconductors like C or PbSe 
that exhibit special benavior. Two parameters were consid
ered · to be temperatute dependent E 0 the energy band gap 
and the coefficient B 1=dB/dT=2.5Xl0-s K-1• This co
efficient is constant for all the materials studied ood 
(dnldT)In= -(n2 - I )312(dE0 /dT+ B 1)/(13.6n 2). 
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1. lNTRODUCTION 

While semiconducting properties of different organic materials were investigated 

in the 60's, the ability to process and to design devices based on semiconducting, 

or so-called conjugated polymers, has only recently been acquired. For instance, 

the first Light-Emitting Diode based on a conjûgated polymer was reported in 

1990 [1]. Other structures are available, such as Field-Effect-Transistors (FET's), 

MIS-diodes of MISFET's [2]. Some interesting features of these polymers are: i) a 

wide range ofvalues of conductivity are obtainable from insuiator (lo-12 n·lcm-1) 

to metal (105 n·1cm·l), ii) a relatively easy fabrication oflarge films of polymers 

(by spin-coating for instance), and iii) even flexible devices are possible. 

Unfortunately, these polymers suffer considerably from their disordered 

molecular state. This results in low mobilities in the range 10·8 . IQ-5 cm2Ns. 

The addition of dopants to improve the conductivity can paradoxically prevent 

the desired operation of FET's [3], as they can migrate in the film under the 

influence of an electric field. The choice of the proper material and its 

optimisation are essential for acceptable performances. For example, by the 

choice of a better ordered structure [4], the mobility was improved from w-5- w-
3 cm2Ns toabout 0.2 cm2Ns in MISFET's. 

At this time the poor electronic properties in spite of far better electro-optical 

properties, restriet applications to electro-optic devices such as detectors, 

modulators, and LED's [5, 6, 7]. 

1.1. Conjugated polymers 

In polymer chains, there is a strong coupling between the presence of free 

carriers and the geometry of the molecule. When a charge is injected, the 

electronic energy of the system arollr.\d the charge is lowered, which is 

accompanied by a local mechanica} distortion of the chain. The charge is stored in 

a state within the bandgap and can be desèribed as a self-trapped charge. There 

is an increase of the energy of the system due to the molecular distortion. The 

self-trapping of the charge leads to a decrease of the energy of the structure. The 

result is always a decrease of the total energy of the system, therefore it is stable. 

The energy states of the self-trapped charges are either positioned at the middle 

of the gap or symmetrically around it, depending on the polymer used [8,9, 10]. 

This has a direct consequence on the optica} properties of materials of this 

category: optical transitions are possible within the bandgap. 
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The transport of a self-trapped charge under the influence of an electric field E is 

a combination of hopping between two sites with a drift velocity Vd, and a long 

rest time in the self-trapped state. It results from a fast transport of the charge 

carrier along the lD polymer chain, and a slow transport between two different 

ebains (volume effect). This is illustrated by Fig.l where .the drift velocity (in 

arbitrary units) of a charge is plotted versus time. This results in a much lower 

observed mobility of charges p, = <Vd>tiE, in a conjugated polymer than in a 

crystalline semiconductor. 

) 

0 

Fig.l. Representation of the drift velocity, Vd, of self~trapped electrons or holes 

in a polymer film. The lines stand for the velocity during hopping 
transport between two localised self-trapped states. The long resting 
times lead to a low observed mobility. 

1.2. Light emission 

Light can he emitted in conjugated polymers through the radiative decay of a 

self-trapped electron hole pair (Fig.2). The emitted pboton has an energy lower 

than the bandgap energy, and hence is not absorbed by the polymer. 

Conductim .------, 
band 

Valenee 
band 

a) 

--1 ~hv' 

b) c) 

Fig.2. Diagram of light emission processas in conjugated polymers through the 
radiative decay of an electron-pair. The process consi!;!ts of the injection 
and self-trapping of an electron (a) and a hole (b), and of the migration of 
the charges to form an electron-hole pair which recombines radiatively 
(c). The energy of the emitted pboton hv is lower than the bandgap 
energy. 
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To achleve electroluminescence (Fig.2) three steps are required : i) an electron is 

injected in the conduction band and a hole is injected in the valenee band, ii) the 

self-trapped electron and hole migrate on the chain, under the influence of the 

applied electric field, iü) they reach a part where they form a localised pair which 

can decay radiatively. This situation is ideal If all of the electrous and holes 

would form pairs with radiative decay, the internal quanturn efficiency would he 

100%. It has been experimentally shown that formation of pairscan take place in 

the form ofnon-radiative and radiative electron-hole pairs [11], with a theoretica! 

maximum of radiative pairs of 25%. Defects in the polymer can play a role in the 

non-radiative decay of pairs. The internat quanturn efficiency 11 defined as the 

ratio of the number of photons produceq in the device per number of electrous 

flowing in the external circuit, is given by: 

(1) 

where r is the fraction of pairs formation and Tlr is the fraction of radiative 

electron-hole pairs. 

The control of colour can he achieved by changing the polymer or by introducing 

non-active polymers. Almost the whole visible spectrum, from blue to red, can he 

covered with a proper choice of polymers. Although it can he appealing for 

applications where blue light sourees are needed, there still are problems to he 

solved due to the large gap required to obtain these wavelengths, such as the 

high operating voltage, low efficiency and fast degradation. 

2. LIGHT-EMITTING DIODES 

The design of a typical single-layer LED is given in Fig.3. In such a structure, 

electrous and holes are injected into the polymer through contacts at each side of 

the polymer film. The irljection of electrop.s into one interface is possible by using 

a metal with a low work function, which will prevent the injection of holes. Some 

common contact metals are Al, Mg, or Ca, with decreasing work functions. The 

efficiency of a LED strongly depends on the choice of the catbode contact material 

[7,12], since lowering the work function reduces the harrier height at the metal

polymer interface. Hence, the injection of electrous is eased and the chance of 

radiative recombination with holes increases. lt is necessary to proteet the 

reactive electrodes and the polymer from oxidation by covering the contact with 

an Allayer [13] 
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At the other interface of the polymer, an anode material with a high work 

function serves as a hole-injection contact. The material has to be transparent for 

the wavelength emitted. For the visible spectrum, common materials are semi

transparent such as Au or Indium-Tin-Oxide (ITO), the latter being the most 

common. 

Light emission 

Fig.3. Diagram of a PPV-based LED. The light is emitted through the semi
transparent ITO contact and the glass substrate. The inset shows the 
monomer used in our devices delivered by Philips Research Laboratories. 

The light usually passes through the substrate with a direction parallel to the 

cathode-anode's orientation, so the substrata has to be transparent (glass)~ LED's 

have also been successfully deposited on a silicon wafer which acts as a rigid 

substrate and also as a charge-injection contact [14]. The type of dopant of the 

silicon substrate will determine whether it is an electron or hole hijeetion 

contact. 

The devices processed by Philips Research Laboratorles are available with 

thicknesses of 150 nm and 250 nm (dialkoxy-p-phenylene vinylene) polymer 

films. The polymer is depicted in the inset of Fig.3 [15]. Four separate LED's of 

different areas (10 mm2 - 100 mm2) are formed on a glass substrate. The hole

injection contact is made ofiTO. The samples are covered by a secoud glass plate 

for proteetion against oxidation. However, unless placed in a nitrogen 

atmosphere the devices degrade rapidly. 
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3. I-V CHARACTERISTICS 

The I-V characteristics of LED's are determined by two mechanisms, i) injection 

of charge carriers through an interface metal-semiconductor, and ii) the transport 

of charge carriers in the bulk. Each of! these mechanisms gives rise to an 

expression of the current density as a function of the applied electrical field. 

Various attempts to model the dc-characteristics consider the tunnelling of 

charges through a harrier [16], bulk t:rtansport (e.g. Space Charge Limited 

Current [15]), or a combination of the two effects [17]. 

3.1. Model of charge injection 

It was observed [16] that for high electric fields (E "' 5xl07 Vlm), the current 

density is almast independent of · the temperature and is associated with 

tunnelling emission. Parker proposed that the current density J follows a Fowler

Nordheim tunnelling through a triangular potential harrier, given by: 

B~t..[;;;* cp312 
and IC= 3qh (2) 

Here E is the applied electric field, cp is the harrier height, and m * is the effective 

mass of electrons, which is assumed to he the mass of free electrans for the 

calculations. 
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Fig.4. Fowler-Nordheim plot for a 10.9 mm2 LED at room temperature. The 
thickness of the film is 130 nm. The dots (•) stand for the experimental 
points. The straight line follows from eqn.2. The inset shows the I-V 
characteristics for the same device. 
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This field-dependenee is visible on a Fowler-Nordheim plot, where ln(l/V2) is 

plotted versus 1 I V, assuming V= E.L. For the example in Fig.4, the slope of the 

straight line gives the value of 1\, so (/) can be determined. For this device the 

harrier height was found to be 0.09 eV. Accordîng to our measurements on 

various devices, the harrier would range between 0.05 to 0.15 eV, which is low 

compared to the often observed harrier height between electrode and polymer of 

0.2 e V [17]. For such low harriers 4kT), charge carriers are more likely to go 

over the harrier than tunnel through it. 

Several arguments are standing against this theory. Firstly, the electric field is 

simply taken as E=VIL, thus it is assumed that the field is homogeneous over the 

entire thickness of the film. However, fora metal-semiconductor interface as is 

the case here, the field distribution no longer is homogeneous and has to be 

determined by solving the Poîsson equation. Secondly, the low-field behaviour 

cannot be described by eqn.2, as can be observed in Fig.4. Here the experimental 

points deviate from the Fowler-Nordheim relation below 1.8 V. This was ascribed 

to thermionic emission [16], band-bending [18] or space-charge effect at low field 

[17]. The latter was based on the observation of a power-law relation of the 

current to the voltage. 

3.2. Model of bulk transport 

Provided that, i) the contact is anideal injecting contact E(O) = 0 for every V, ii) 

the transport is only due to drift (the electric field is applied only in one 

direction), and iii) the transport of one carrier in a bulk material is limited by the 

space-charge effect [19], the current density and the Poisson equations are given 

by: 

J =qJ.lnE(x)=cte and dE= qn 
dx e 

(3) 

where 11 is the mobility, n the total carrier concentration is equal to the excess 

carrier concentration, E(x) the .electric field at the position x, and e the dielectric 

constant. For the polymer we take the relative dielectric constant to be er = 3. 

The current density as a function of the applied voltage V is given after 

integration over the thickness L ofthe sample by: 

9 V2 

J =-gE/i L' (5) 

Both voltage and thickness dependencies have been experimentally observed for 

devices where holes only are injected (hole-only devices) by using the same metal 
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with a high work function on both electrodes of a LED [15]. From the absence of a 

sharp increase in the current (trap-filllimit [19]), it was concluded that the hole 

transport is trap-free. 

Devices, where only electrons are relevant for the transport (electron-only 

devices), can also he designed study the I-V characteristics. This can be achieved 

by using low work-function metals for the two electrodes. The results can be 

described as a space-charge effect with a trap distribution in the bulk. Eqn.5. 

takes the form of [19] 

ym+l 

J oc L2m+l (6) 

where m > 1 is a parameter that depends on the trap distribution. Blom et al. 

observed the expected voltage and thickness dependencies, and concluded that 

the transport of electrons suffers considerably from traps (see also in [20]). The 

differences in the order of magnitude of the current densities for electron or hole

only devices, with the same dimensions, ·leads to the condusion that the hole 

current is predominant [15]. For a LED with injection of holes and electrons, one 

should expect an electric behaviour close to hole-only devices. 

3.3. Field-dependent mobility 

Experimental results of hole-only devices [15, 21] showed a deviation from the 

square law of eqn.5. at high fields (> 3x107 V/m), which is interpreted as the 

influence of the field on the mobilityr of the carriers. Indeed, time-of-flight 

measurements showed that the transport of charges in a conjugated polymer is 

field-dependent [22]. Experimental evidences of an electric-field dependent 

mobility are given in Ref. [23] and are described by 

Jl(E) J!(O) exp( r.JE) (7) 

where Jl(O) stands for the mobility at zero field. This behaviour was not related to 

the presence of traps, but to the intrinsic transport of charges (hopping) in 

disordered matenals and to the interactions of charges with the molecule [24]. 

When eqn.7 is combined with eqn.3, the current density-voltage characteristics 

are given by : 

J t:}l(O)exp(y~E(x)): E(x) 

V= J: E(x)dx 

(8) 

The electric field is numerically solved along the direction x, with input 

parameters J, Jl(O), y and E(O). At each point, the carrier concentration can also 
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he calculated. The voltage then simply is the numerical integration of the field 

across the entire thickness of the film. In Fig.5, an example of the electric field 

distribution is presented for the SCLC model with a field-independent mobility 

and with a field-dependent mobility, represented by solid line and a dotted line, 

respectively. 
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Fig.5. Plot of the electric field distribution across a 125-nm thick film. The 
dotted line stands for eqn.8 with r= 5xl0·4 (mN)112, and the solid line for 
r= 0 (constant mobility). The areas under the curves are equal to 1 V in 
both cases. 

In this model, the strong increase of the current, as observed in our LED's with 

increasing field, is modelled by the combination of space charge effects and a 

field-dependent mobility. The experimental data are plotted with solid symbols in 

Figs.6.a and 6.b for two 125 nm and 250 nm polymer films. We observed a turn
on voltage Vo of 1.55 V. This voltage has been associated to the transition from 

the ohmic regime and to the bending of the conduction and valenee bands in 

order to have injection of both electrons and holes [25]. The applied bias voltage 

Va is given by: 

Va=V+ Vo (9) 

where V is given by eqn.8. and Vo is the turn-on voltage. 

The voltage V in eqn.8 is given by subtracting the turn-on voltage Vo from the 

measured voltage Va, and is plotted in Fig.6a and 6b by open symbols. 

The numerical method used to solve the differential equation, eqn.8, is a Runge

Kutta-Fehlberg Method (RKF45) [26]. For a given current density J, we 
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calculated the voltage V with two fitting parameters j.t(O) and y. The value of the 

parameters for 125 nm are: f.l(O) = 2.25x1Q-12 m2Ns and r= 5.4xlo-4 (mN)ll2; and 

for 250 nm they are: f.l(O) = 2.1xl0·12 m2N~ and r= 5.4xlo-4 (mN)112_ The results 

for the two thicknesses are plotted in Fig.6 by solid lines for i) V= Va -Vo (fitting 

the open symbols) and ii) Va= V+ Vo (fittiqg the solid symbols). 
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JO''-<>'--~~~~......,__......,.~~~~ i,o·• '----''---'~~~~...,__~ '-~~~~-'-' 
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i 

Fig.6. Plot of the J-V characteristics of 1?5 nm thick (a) and 250 nm thick (b) 
LED's. The solid symbols stand lfor experimental data and the open 
symbols stand for the corrections due to a turn-on voltage of 1.55 V. The 
values of the fitting parameters ;:tre r = 5.4xl04 (rnN)112 and f.l(Ü) = 

2.25x10·12 m2Ns and 2.1x1o-12 cl2Ns for 125 nm and 250 nm films, 
i. 

respectively. 

We can observe that for both thicknesses; the model gives good fits. In order to 
I 

validate the results of the model, we so\ved the differential equations for the 
I 

electric field with different numerical methods and we obtained the same fitting 

parameters. We also verified that for y = 0 our calculations reduce to the 

analytica! solutions of eqns.3 and 5. 

We also compared our results with thoseiohtained by Blom in similar polymers 

although they used hole-only devices [21]. We found the same field-dependenee 

for the mobility r= 5.4xlo-4 (mN)1' 2, but we found the mobility to he much lower 
! 

f.l{O) = 2.25x1Q-12 m2Ns instead of 5xlo-1~ m2Ns. This would suggest that some 

degradation occurs, resulting in a lowering of hole injection. It is also noticeable 

that the thickness-dependence in our ~amples, which is determined by the 

integration of electric field across the thic~ness, is slightly degraded. We conclude 

that a form of degradation is taking place, where the device is gradually 

changing from a bulk-limited to a injection-limited device. 
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We compared our results with the J-V charaderistics obtained for a Fowler

Nordheim model, which is shown in Fig.7. The harrier height q; found was 0.05 

eV (= 2kT). 

10-4 ..----------------------, 

10-8 ~------------------------1 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 

Vbias (V) 

Fig.7. Plot of the current-voltage characteristics for 125 nm and 250 nm thick 
LED's, the contact .area is 36.6 mm2. The solid lines stand for SCLC with 
field-dependent mobility (eqn.8) with r = 5.4x10"4 (m/V)l/2 and a turn-on 
voltage of 1.55 V. The dotted lines follows the Fowler-Nordheim with a 
fitted harrier height <p = 0.05 eV. 

3.4. Impact of degradation 

An important problem with these structures is the degradation of the I-V 
characteristics. We have already observed a degradation resulting in the gradual 

change in the dominant current control mechanism. 

Another souree of degradation is directly visible at the luminous active surface. 

When the devices are operating at current densities higher than 1 mA/cm2, we 

can observe the random formation of "black spots" on the contact, with their 

number increasing over time. Before the creation of one spot, there is a brief local 

emission of bright light. The metal catbode melts due to the local high current 

density and pulls away from the spot, blocking the current flow and hence, 

stopping the emission of light [13]. Each of these spots therefore reduces the 

active area and the light emission. The same degradation has been observed for 

all the devices when the driving current is too high. One can observe visually 

that there is a clustering effect of these defects. This implies that there is a 

higher probahility of defect creation near an existing one. This mechanism is very 
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similar to the bias percolation process [~7]. The difference with the percolation 

model of Gingl et al. is that the degrad~tion of the LED's occurs at the contact 

interface and not in the bulk, and th~s its influence on the noise was not 

observed. 

We observed a strong degradation meclfanism in time for the LED's which is 

visible in Fig.8. We plotted the I-V char~cteristics at different time intervals of 

about an hour, for the same LED withal 10.9 mm2 contact area. We modelled it 
i 

by two conductances in parallel. One de~rmines the non-linear behaviour while 

the other is ohmic. The non-linear I-V cl)aracteristics is fitted with the modified 

SCLC model which seems to be constant: in time. The ohmic contribution, whose 

resistance decreases with time, is domi~ant at low voltages, and eventually it 
i 

becomes a short-circuit and ends the lif!]l of the device. Since we obtained more 

reproducible results for new samples V\jith a more efficient proteetion against 

oxidation and an improved device proce~s, we ascribe the results in Fig.8 to a 

problem of device processing. Neverthelèss, a degradation of the active area in 
i 

the new samples can he observed wheli a strong current is injected during a 

reasonable amount of time (strong lumin~scence). 
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Fig.8. Evolution of the I-V characterist1cs of unprotected 10.9 mm2 diode with 
time, t1 < t2 < t3 < t4. The dott~d line stands for the ohmic regime, and 
the solid line indicates the mod~l of eqn.8 with r = 9xlo·4 (m!V)112 and 
IJ.(O) = 5xlo·11 m2Ns and the buiit-in voltage Vo = 1.6 V. 
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3.5. Electroluminescence 

The wavelength of the emitted light of LED's based on derivatives of PPV is 

typically between 560 - 600 nm [3] 

We measured the photocurrent lph with a silicon photodiode directly on the top of 

the active area. A typical graph of the luminanee characteristics is plotted in 

Fig.9. The light emission was kept low to avoid degradation of the devices with 

high current densities. 
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Fig.9. Comparison between J-V (•) and the lph-V (o)characteristics of a 10.9 

mm2 LED. 

4. NOISE CHARACTERISTICS 

We measured the speetral density of the current fluctuations of 125 nm and 250 

nm LED's. We also measured the noise of a single hole-only 250 nm device, for 

comparison. Depending on the degradation conditions of the device, different 

types of noise behaviour were observed. For non-degraded samples we observed 

white and excess noises. Degraded devices are the ones that present a parallel 

conduction mechanism (see Fig.8), in such a case the noise is dominated by a 

strong 1/f noise contribution. 
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4.1. Experimental results 

Non-degraded devices present a reduced shot noise 2ql r2, where r2 was found 
I 

to he between 0.4 and 0.7. A typical spectl"t/-m is shown by the dotsin Fig.lO fora 

36.6 mm2 LED. We obtain the white noisJ contribution by decomposition of the 

spectra into a 1/fY excess noise (with 0.5
1 

s; y s; 1), a white noise 2qlr2 and a 

resonance effect introduced by the capadty of the devices and the equivalent 

inductance ofthe low-noise current amplifier. The sum of these three components 

is given by the solid line in Fig.lO. 

].(}19 

-~Q 

l(J20 
"-o 

""Q 

' 1(121 o<l'o<l 

~ ].(}22 

·"oo"'-
o'qo-- .. 

·~ ' 

j l(J23 
Q ' ' ·~ ' ' ' <>. ' ' ' ' 

·~ 
0. ' ' 

1()24 o· 

1 
l(J26 

Fig.lO: Speetral noise density of 125 nm-t:trlck 36.6 mm2 LED (the current is 146 
nA). Noise from a fresh sample is <iJ.enoted by dots (e) the line represents 
the fit. The measured 1/f noise fr?m a degraded sample with the sarne 
area is indicated by the circles (o~. The dasbed line stands for the fit of 
the 1/f noise and the dotted line inaicates the cut-off frequency due to the 
current amplifier. 

We compared the experimentally observ~d current noise with the relations for 

the thermal noise 4kT I RD and the full ~hot noise 2ql. Here RD is the small

signal resistance. The result is plotted Î:!l Fig.11. This shows that i) the white 

noise does not follow the current depende:hce of the thermal noise of the dynamic 

conductance (oe [2/3) as we could expect fijom a simple SCL current, ii) it follows 

the relation 

81 = 2q/T2 with 0.4 s; r 2 s; 0.7 (10) 
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This noise reduction would suggest a recombination of an electron and hole due 

to traps in the bandgap [28]. In this kind of material, the specific structure of the 

polymers introduces states within the bandgap where carriers can he self-trapped 

and can recombine. The low mobility of charge carriers in the polymer goes hand 

in hand with a long capture time in these states, as mentioned in the 

introduction. This could explain why the corner frequency (associated to this long 

capture time) between the 2ql and the 2qlr2 levels is below 10Hz. 
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Fig.ll Observed shot noise (&)as a function of the current compared to 2ql (e) 

and 4kT I Rn <•>. The solid line stands for eqn.2, with r 2 = 0.6. · 

However, measurements on hole-only devices show the same noise behaviour. 

The absence of electron-hole recombination suggest that self-trapping results in 

an effective charge transporled between the two electrodes lower than q for a 

carrier, therefore the speetral noise density will follow eqn.lO. 

A proposed explanation for this shot-noise reduction was the situation where 

there a resistance Rp is in parallel with an ideal diode. This has been observed 

for MESFET's [29]. We will show that this solution is not applicable for our 

experiments. The measured white noise obtained in Ref. 29 is shown in Fig.12 

and is the sum of two contributions: the thermal noise 4kT/Rp associated to the 

resistance Rp, and the shot noise 2qln due to the current In through the diode. 

At low biasing conditions, the noise is independent on the current, the thermal 

noise of the resistance is dominant. At large biasing conditions, the leakage 

current lp is negligible, thus I "'In. The dominant noise contribution is expected 
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to he the shot noise 2qin "" 2ql. The observed white noise was found to he close to 

2ql. Between these two conditions, a transition region occurs where the noise is 

dominated by the shot noise of the diode but the current In is lower than the 

measured current I. Therefore the obs$rved noise is 2qln and when plotted 

versus I, it gives 2qlr2 . This transitio~ region exits for a restricted range of 

currents, at most a decade. In our experimental results, we found that the 

relation 2qlr2 is valid over two decades in current. Furthermore, we did not 
I . 

observe a noise contribution independen~ of the current at low biasing conditions 

and neither r2 = 1 at high currents. i In conclusion, it is unlikely that the 

observed shot noise reduction is rela~d to a the diode in parallel with a 

resistance. 
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Fig.l2. Observed white noise versus t:re measured gate current I of typical 
MESFET [29] (thick line). The 2~/ noise level is also indicated by the thin 
line. The equivalent circuit is shown in the inset 

4.2. Impact of degradation 

For degraded samples, a strong 1/f noise mixed with burst noise is observed. 

Typical voltage fluctuations in time are ~hown in Fig.13. For comparison between 

a protected and an unprotected device, ,the measured noise versus frequency at 

the same current before and after degra~ation is shown in Fig.lO by the dots and 



Noise Characteristics 51 

circles. We abserve that the difference in noise levels at 1 Hz exceeds five 

decades. 

The consequences of degradation can be associated with an increase of current 

due to a parallel conductance path, which shows strong fluctuations. When the 

processing technology is improved, this conductance and the observed 1/f noise 

disappear. 
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Fig.l3. Typical voltage fluctuations of an early degraded 10.9 mm2 LED. The 
voltage is 2V. 

4.3. Fluctuation of the optica[ intensity 

As was mentioned previously, the measurements oflight and its fluctuations are 

highly influenced by the degradation of the device. The luminescence should be 

high enough to give rise to suffi.cient photocurrent, but this degrades the LED 

more and gives unreliable results. We chose to use degraded samples for which it 

was possible to have enough light and to measure reproducibly the same noise. 

We observed 1/f noise in the photocurrent detected which is proportional to the 

optica! power detected. A plot of the 1/f noise in the photocurrent fluctuations at 

1 Hz versus the photocurrent, lph. is given in Fig.14. Despite the strong 

scattering, the noise seems to be proportional to lph512, as shown in Fig.14 by the 

line. 



52 Chapter III. Low-frequency noise in polymer light-emitting diodes 

10'21 

• • 
10'22 

~ 10'23 
~ 

• 

/'J.)~ • • 
• • 

10'24 • • • 

10'25 
lrfl i 

Pbotoo.nrent ll (A) 
:ti< 
' 

Fig.l4. 1/f noise at 1 Hz for the fluctuatiohs in the photocurrent fora 36.6 mm2 

LED. The line indicates the proporhonality ofthe noise with (lph)512. 

5. CONCLUSIONS 

We presented new results on polymer/ light-emitting diodes. We compared 

different modelscantrolling the I-V charaheristics. The results were successfully 

modelled with a dominant bulk transport of charges with an electric-field 

dependent mobility. We observed differen~ degradation mechanisms. One was the 

creation of a parallel conductance leading to a short circuit. We measured the 

current fluctuation of the LED's. The elèctrical noise was different before and 

after degradation. Fresh samples exhibite
1
d a reduced shot noise 81 = 2qir2 with 

a reduction factor r 2 between 0.4 and 0.7l 
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ChapteriV 

1/f NOISE IN OPTICAL FIBRES 

Abstract 

We have investigated the intensity fluctuations of light at the end of an optical 
fibre. The quiet light, i.e. without 1/f fluctuations, of a halogen lamp was coupled 

at the input. In our experiments, we have observed reproducible 1/f noise spectra 
for various lengtbs of fibres. We pointed out that the 1/f fluctuations are related 
to the attenuation process in the fibre. We present a qualitative model and 

discuss the experimental set-up. 
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1/f noise in the extinction coefficlent of an 
optica! fibre 

A.J. van Kemenade, P. Hervé and L.K.J. Vandamme 

lndexing terms: Optkal jibres, Oplic~//QS,res, Randóm noise 

:rtJe extinction coefftcient, used to express losses· In optica! fibres 
due lo absorption and diiTusîon, fl~tuates in time Wîth a l!f 
spectrum. ihe authors have measured fluctuatlons in the intensity 
of light propagating tbrough optical fibres. Noise measurements 
as a function of fibre Jength show that the noise is not due to 
nuctuations in rcflectivit)' at the ends. 1'he reJative noise în the 
intensity of the transmîtted light is proport.iÛnal to fibre length, 

lntroduäion.· Light propagating through optica! fibres is partly 
absorbed and ditTused. This is mainly due to scattering by optica! 
inhomogenities and absorption. The extinction is characterised by 
the extinction coefficîent ~- In this parameter. "the different loss 
mechanisms are combined. This Letter shows that the extinctîon 
coefficient is nota constant, but fluctuates in time, with a 1ifspec~ 
trum. Muscha et al. have performed experiments with laser light 
scattered by quartz single crystal (l] and water [2]. They found 
that the intensity of the scattered laser light fluctuated in time and 
that the fluctuations had a lif spectrum. 

We investigated intenSity fluctuations of lîght at the output of 
optica! fibres. The speetral density of these intensity tluctuations is 
dose)y re}ated to that of the extinction coefficient fluctuations. 
Our object was to verify whether or not the extinction coefficïent 
fluctuates in time and whether or not the speetral density of the 
transmitted light îs inversely proportional to frequency. Further
more, we examined the intluence of fibre 1ength on the relative 
noise of the transmitted light. 
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Fig. 1 Mmsurement setup for optica! fibre experiment$ 

EYperime,zt.v: The fibre used in our experîments îs a graded index 
multimode quanz fibre with a core diameter of 50J.UTI and an 
experimentaUy obtained attenuation of 16dBikm. Fig. I shows the 
setup used in the experiments. The light souree is a halogen lamp. 
We used a halogen lamp. rather than a laser or an LED. because 
of the lower noise leveL A laser diode [3, 4], as welt as a LED, 
shows 1 ({ noise in the optîcaJ output. After a short burn~in period, 

1Q-22 \ 

,<)2 
f,Hz 

Fig. 2 Mt•astm•d noisé .'l'ft'l'lrum with curvt'}lrfvr 128mfibre 

a stabie halogen lamp only shows the inevitable shot noise 2qf on 
the detector, in a frequency range between I Hz and lOOkHz. With 
the use of a microscope obje<:tive, the light is focussed on one end 
of the libre. The light intensity at the output of the fibre is moni· 
tored with a silicon pin photodiode. The photocurrent of this 
diode is proportionaf to the lightwpower incident on ïts actîve area. 
The AC component of the photocurrent is amplified by low-noise 
current amplifier Al and low-noise amplifier A2. The signa! is 
measured and proccssed by au FFT analyser, resulting in a s:pec~ 
trum of the intensity tluctuations. Current amplifier A3 is only 
used to measure the DC photocurrent accurately. 

For comparison~ measurements are also taken with a hollow 
pipe between the balogen lamp and the detector. In this way, the 
noise generaled by the lamp and detector can be measured. 
Knowledge of this background noise is necessary to verify that the 
measuied noise is actually generaled by the optica! libre. Further· 
more, if the background noise is not negligible, the results need to 
be correcled for the background. 

DilTerent lengtbs of libre were rneasured, to delenmine whether 
the noise is caused by fluctuations in tbe reflectivity at the libre 
end or by the volume of the fibre. T o ensure that the properties of 
the different fibre segments are identical, they are taken from one 
ani! the same fibre, with an initiallengtb of L4krn, that is cut to 
different lengtbs. Measurements are taken with libre lengtbs of 32, 
64, 128, 254 and 512m. 

Results: For each fibre length a number of measurements is taken, 
The lamp power, and thus the photocurrent, is varied stepwise, 
and fór eaeh photocurrent a speetrum is measured. On these spec
tra, a curve of the form 

S S S 2 I A I' (1' I shot+ 1//:: Qph+jph ' 

is fitted. Fig. 2 shows a spectrum and the curve fit. The different 
values offS,,1 are plotled against photocurrent I". in Fig.). 

BecausefS,,f, the I(f part of the spectrum at I Hz, is propor
tional to I".', a line of slope 2 can be drawn through the experi
mental values on a plot oflogfS,,1 against I,,'. On this line, the 
relatîve noise fS1 /lP/ is constant Consiclering the relative noise 
makes the results independent of the light intensity used in the 
experiment. The noise is corrected by subtracting the background 
noi-se, which is roughly fSt tflP1,1 = 7 x 10~u, whereas the corrected 
relative noise is between I0- 1 ~ and 3 x J0- 11 • Jn Fig. 4 relative noise 
is plotted against fibre length together with a line of slope L 

Discusslow Fig. 4 demonstrales that the log of relative noise in 
light intensity is proportional to fibre length. This can be 
described by a model based on a noise souree dlstributed in the 
bulk of the fibre, and not at the ends. The relation between the 
ligh~ power entering the optical fibre and the output power is 

P(L) = P(O)exp(-3L) (2) 

where P(O) and P(L) are the light power at the front and end of 
the fibre, respectively. i3 is the extinction coefficient (3.7 x !O'm''). 
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l,m 

Fig. 4 RR/ative 1/f noise fS.,jllph' against fibre iength L 

and L the length of the libre. 

to3 

The relation for the noise ïs derived from the relation between 
the nonnalîsed fluctuations 

(3) 

Here, SPo and Si! are the spectra) noise densities of power and 
extinction coefficiem fluctuations, respectively. Vandamme and de 
Boer [3] have already proposed tbat tbe relative noise in the 
extinction coefficient. for the optical active region of a laser diode, 
has tbe form 

(4) 

With e a I// noise parameter./ the frequency and 0 the volume of 
optical active area. Here we propose 

Se 
jjï = (5) 

with M the number of scatterers proportienat to libre length, M 
mL, with m the number of scatterers per length unit. From eqns, 4 
and 5 the relative 11/ noise in the output power is 

82 L.!_ (6) 
fm 

Hence, the relative lif noise in the output light intensity. is pro
portiona! to fibre length (Fig. 4). This Figure shows that the rela-

tion between noise and fibre length is 

§.!__-KL~ I;h --: I 
(7) 

Conc/usion: Measurements of tbe intensity of light propagating 
, through optical libres showed fluctuatioils in time. Camparing 
measurements with a hollow pipe proved that the lluctuations 
originate in the fibre. The fluctuations in light intensity are caused 
by lluctuations in the extinction eoemeient (}, and nol by fluctua
tions in the reflectivity at the ends of the libre, The speetral den
sity of the fluctuations is inversely proportional to frequency, 

The relative noise in the light intensity at the output of an opti
ca! libre is proportional to the length of the libre. The model pre
sented in this Letter gïves a qualitative explanation of this 
dependence. 
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1. MODEL 

We propose here an alternative calculation method for the relative 1/f noise 

power in the light output of a fibre. This method is more general than the one in 

[1]. In an optical fibre, the general rela,tion for losses is expressed as an 

exponential decay ofthe input light Pi alont the fibre length Lso that the output 

power P0 is as follows fora position depend.:int attenuation coefficient /3: 

(1) 

where f3(x)= ff +t1f3(x) is an attenuation parameter in which all types oflosses 

are combined. fJ is the average value of the attenuation coefficient (16 dB/km) 

and t1/3(x) represents the position-dependent fluctuations of /3. We will consider 

only 1/f fluctuations in /Kx). In our case it is impossible to discriminate between 

the possible different contributions in 1/f fluctuations due to the scattering or 

absorption of light. Our experiments show pure 1/f noise spectra that are due to 

the propagation of light into the fibre for a constant power of noise-free light 

souree at the input. 

We assume that the 1/f noise stems from ,the fibre itself, it is only a result of 

fluctuations in the attenuation coefficient /](x). The light souree is assumed to be 

noise-free, i.e. the input power is constant. We linearise eqn. 1 as follows 

P = P: -e-f3L- P· · e-PL JL t1f3(x)dx = P + t1P o-t l ·o 0 0 (2) 

where P0 is the sum of two contributions, its average value Pi e·f3L and its 

fluctuations. Hence the relative fluctuations in the output light are 

approximately 

APo ~-JAP (x)dx 
Po 0 • 

(3) 

The speetral power density of these fluctuations are calculated from the cross

correlation speetral noise density in the attenuation coefficient Sp(x, x'), which 

yields 

Sp0 Jlr I , , 
-

2 
= j S f3 (x,x )dxdx 

Po 0 . 
(4) 
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The 1/f noise sourees are supposed to he uncorrelated in space, thus S {tx, x') -

{(x, x') with o the Dirac function. The speetral density in the cross-correlation 

function of the attenuation coefficient is assumed to he similar to Hooge's 

empirica! relation [2] 

(5) 

where e is a dimension-less noise parameter analogous to Hooge's parameter a 
and M(x) is the number of independent attenuation eentres per unit length 

analogous to the number of charge carriers per unit length. 

From eqns. 4 and 5, we derive the final expression for the relative noise of the 

optica! output power 

LL L {32 
J J Sp(x,x')dxdx'= J f .~( ) dx 
0 0 0 x 

(6) 

For uniform M(x) = M, eqn.6 reduces to 

(7) 

In this case, the same proportionality factor between Sp0 1 P0
2 and the length of 

the fibre Lis found as in the first part ofthis chapter (see eqn.6). 

2. DISCUSSION 

Several ideas have been put forward in order to understand the origin of this 1/f 

noise. The con tribution of the facet reflectivity fluctuations has been excluded by 

analysing fibres with different lengths, since such fluctuations do not give a L

dependence. The origin of the 1/f noise could he due to intemal temperature 

fluctuations in equilibrium. External temperature fluctuations are excluded since 

we ensured that our experiments were carried out with minimal extemal 

temperature fluctuations. Another suggestion is that the fibre being multimode, 

the optica! power can he randomly distributed among some modes and hence give 

rise to 1/f noise in the output power. An interpretation is given by Hooge [31 in 

terms of number fluctuations of phonons, and scattering occurring at the 

boundary core-cladding layers. An other interpretation is that the influence of 

refractive index will he more critica! at this boundary when small fluctuations 
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will lead to strong fluctuations in the output of light. The precise origin of the 

observed 1/f noise is still unknown. In order to validate some of these arguments, 

three experimental conditions are to be fulfilled: 

i) a monochromatic light source. 

As we pointed out in this chapter, the noise stems from the fluctuations of the 

absorption coefficient which depends on the wavelength. Instead of using a 

halogen lamp, it will be more suitable to' use a monochromatic light souree to 

have a constant attenuation value. One I)roblem is that such a monochromatic 

light souree exhibits strong optica} lif • or 1/f2 noise. A HeNe laser shows 

additional peaks at all harmonies of 50 Hz and at plasma oscillation frequencies. 

Each monochromatic light souree tested was not acceptable due to either too high 

1/fnoise or totheir instahilities in the optical output power. 

ii) a monomode fibre 

We used a multimode fibre because of the larger diameter and hence the better 

coupling. However, the optical power can be distributed among many modes and 

probably lead to additional fluctuations in the light intensity. With a monomode 

fibre, only one mode can he excited, hence ruling out any possibilities of the 

microbending influence on power-distribution to different modes. Unfortunately, 

such fibres have small diameters (5-10 f.Li:n) and requires precise coupling. It is 

also necessary to use a monochromatic light souree such as a semiconductor 

laser, which will introduce its own noise, overwhelming the noise from the fibre. 

The attenuation factor {3 in modern fibres is also smaller, so the relative noise 

which is proportional to {3 2 is expected to be much smaller. 

iii) different diameters 

One way to he show whether or not a part of the fibre near the boundary core

cladding layers or the full volume of the fibre causes the lif noise, is to use fibres 

made with the same technology but with different diameters. 

3. CONCLUSION 

We measured pure lif noise in the inten~ity of light at the output of an optica} 

fibre well above background noise. The results are successfully modelled by the 
I 

fluctuations of the attenuation coefficient of the fibre. The location of the exact 

noise souree requires more research. Sorde suggestions for further research have 
been given. 
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The noise m a hybrid photomultiplier tube is investigated. Photoelectrons 

producedat the photocathode are accelerated towards a silicon P-I-N diode. They 

create electron-hole pairs in the depletion region of the diode and produce an 

amplified current of gain M, which is not due to avalanche multiplication by the 

internal field in the diode but multiple ionisations of the primary photoelectrons. 

The average gain increases linearly with an acceleration voltage, Vpc, beyond a 

threshold voltage, which is necessary for photoelectrons to penetrate the top 

layer of the materiaL Above 1 Hz, we observed only shot noise. The shot noise is 

the sum of two contributions: i) full shot noise due to photon absorption in the 

diode, because the photocathode is partially transparent for the photons, ii) a 

specific white noise due to the multiplication of primary photoelectrons. It is 

shown that the multiplication mechanism gives rise to a white noise 81 oe M3 oe 

Vpc3. 
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1. INTRODUCTION 

The hybrid photomultiplier is a light detec~or designed for photon counting [1,2]. 

It is suitable for many applications, especially for high-energy physics and 

astronomy. The device's operation is bas~d on the multiplication of energetic 

photoelectrons injected into a semiconductor. 'Studies of the noise caused by 

different multiplication processes, such as avalanche multiplication [3-5] and 

tunnelling [6] in semiconductors, electron imultiplication in imaging devices [7], 

or more general processes have already been publisbed [8]. The silicon lattice 

slows down the enteringenergetic electrons allowing the effect ofbremsstrahlung 

to occur. Consirlering Handel's theory [9], ~his should give rise to 1/f noise, while 

the photogeneration should not [10]. 

The hybrid photomultiplier tube describeq in Fig.l. is a vacuum tube that has a 

bialkali photocathode deposited on a borosilicate glass window. This device, 

manufactured by DEP-Delft lnstruments,/ operates at wavelengtbs between 270 
I 

nm and 620 nm. The photocathode speetral response is optimised for 400 nm 

where the sensitivity is about 80 mA/W. 

The photoelectrons generated at the photocathode are accelerated and focused 

onto a P-1-N diode, using sets of focusing electrodes at a high negative voltage, 

with a maximum of -15 kV at the photocathode. They bombard the n+-side ofthe 

P-1-N diode which is 50 nm to 100 nm thlick. The n·-region ofthe diode is about 

150 pm thick. The diode is considered t\> he fully depleted at a reversed bias 

between -25 V and -40 V (see capacitanc(:l maasurement [7]) and the maximum 

bias is about -200 V. 

The photoelectrons lose their energy ~nd create electron-hole pairs in the 

materiaL Those created in the depletioll; region are separated by the internal 

field and give rise to a photocurrent. The average current I produced by the pairs 

created by a photoelectron current lp is gïren by [11] 

I =M ·lp where M 
Ep-Eth 

w 

i 
I 

when Ep -Eth > W (1) 

where Ep is the incident energy of the *rimary photoelectrons, Eth the energy 

required to enter the material, and W is ~he energy neerled to create an electron

hole pair, being about 3.6 eV for silicon lp,12]. For Ep < Eth, M= 0. Mis the so-
l 

I 
called gain and is in our device also propqrtional to the photocathode voltage Vpc 

with Vpc=Ep/q. 
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Fig. 1. Schematic of the hybrid photomultiplier tube. The external dimensions 
are 4 7 mm in diameter and 40 mm in height. 
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From experimental results, the projected depth of penetration Rp of electrans in a 

material is related to the energy of the incident electrans by the following 

relation [13) 

(2) 

where Rpisin p.m, Ep in keV, p the density in g/cm3, Kis a material independent 

constant, and yis a constant that usually lies between 1.2 and 1.7. For silicon we 

use [14) 

(3) 

Hence with eqn.3, the energy E required to cross the 50- 100 nm thick n+ side of 

the PIN diode is between 1 keV and 1.8 keV. For the maximum energy allowed to 

the photoelectrons, 15 keV, the maximum penetration depth into the diode is 

about 2 p.m, which is much smaller than the 150 Jlm-thick depletion region. 

2. EXPERIMENTAL RESULTS 

2.1. DC-characteristics 

We measured the current I from the photodiode as a function ofthe photocathode 

voltage V pc at fixed photodiode reverse bias voltage VR. The experimentalset-up 

we used is presented in Fig.2. 
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photons photoela::trcns + ~otcns 

EJ 
VPCs; 15kV 

Fig. 2. Experimental set-up with cross-correlation measurement. Vpc is the 
photocathode voltage, VR the photodiode bias. 

To illuminate the photomultiplier, we used a 1 W, 3.7 V filament lamp with a 

braad wavelength spectrum. lts light is stabie and shows no 1/f noise in the 

studied frequency range 1 Hz to 100 kHz. lts intensity was kept the same for all 

measurements. The P-I-N diode was biased under the breakdown voltage with 

various reverse voltages VR, from 0 V to -160 V. The photocathode voltage Vpc 

was set from 0 to -15 kV. A curve for VR =.-104 V is plotted in Fig.3. 

The observed current I is the sum of two contributions: 

i) For low values of V pc, below 1 kV, the current is· independent of V pc . This is 

explained by the semi-transparency of the photocathode window to the light of 

the lamp. A fraction of the photons emitted pass through the glass without 

generating photoelectrons. Some ofthese:photons are absorbed in the P-I-N diode 

and produce a photocurrent I 0 that depends on the intensity of light and also 

partially depends on the reverse bias, VR, applied to the photodiode. For various 

values of VR from 0 V to -195 V, the measured photocurrent I0 was between 14.8 

nA to 15.4 nA, the voltage across the lamp being fixed at 456 mV. This small 

increase of 4% is only due to the extension of the space charge zone in the 

depletion region, leading to a higher coll~ction rate of electron-hole pairs created 

by the photons. 

ii)At values of Vpc higher than 1 kV, the current I increases linearly with Vpc. 

This is in agreement with eqn. (1), where the number of free carriers created by 

the photoelectrons inthespace charge zone is proportional totheir energy, and 

hence proportional to the photocathode voltage. The current observed is 

dominated by the current originating from the photoelectrons provoking 

ioniaation in the space charge region. 
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Fig. 3. Measured current I versus photocathode voltage Vpç. for a constant 
photoelectron current lp The reverse voltage applied to the photodiode is 
-104 V. The line represents the proportionality as expected from eqn. (1) 
withEth = 50 eVand Ep = qVpç. 

2.2. Shot noise 
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As there are different ways to create electron/hole pairs: i) by absorption of 

photons and ü) by energetic photoelectrons outside and inside the depletion 

region, one would expect different noise behaviours. 

We measured the current fluctuations in the hybrid photomultiplier, for dark 

current and under illumination. The photocurrent fluctuations are amplified by a 

low-noise amplifier and processed by a FFT analyser giving the speetral current 

noise density 81 (A2fHz). All noise spectra were obtained between 1 Hz and 100 

kHz. Over this frequency range only pure white noise was observed and no 

disturbances were monitored on an oscilloscope. We had no evidence of pulses or 

noise peaks. 

2.2.1. Dark current 

The noise from the current amplifier imposes a detection limit of 2 ·10·28 A 21Hz 

at the lowest current levels. This corresponds to the shot noise associated with a 

current of 0.7 nA. At a typical bias of- 104 V the dark current was 0.4 nA. 

Therefore, we used a cross-correlation method to measure the noise of the dark 

current. As described in Fig.2, two similar low-noise current amplifiers are 

connected in series with the device and its bias voltage source. Since the noises 

from the amplifiers are assumed to be uncorrelated, we directly obtained the 
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cross-correlation spectrum. It consisted of only white noise with a magnitude of 

1.3 ·10·28 A2/Hz in agreement with 2ql. This was observed for all the biasing 

conditions V R we used. 

2.2.2. Under illumination 

Using the experimentalset-up shown in Fig.2, the noise speetral density 81 was 

measured for VR varying between 0 and -160 V and VPC between 0 and- 15 kV. 

The illumination was kept constant, the voltage across the lamp is 456 mV. The 

results are plotted in Fig.4. 
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Fig. 4. 81 versus Vpcfor VR = -104 V. The solid line in the main graph stands for 
the 2q1 values and the dotted line for 2ql~. The dashed line stands for 
eqn.(5). The same plots for various VR are in the insert. The triaugles (.Ä.) 

are for -160 V, the crosses (+) for -i104 V and the circles (0) for 0 V. The 
solid line intheinset stands for eqn.5 with A(O) = 0. 

The main graph shows the noise speetral density, denoted by crosses (+), as a 

function ofthe photocathode voltage up to the maximum allowed- 15 kV, at VR 

- 104 V. The insert shows the noise measured for various reverse voltages VR, at 

0 V, -104 V and -160 V denoted by circle11 (0), crosses(+) and triangles (.Ä.). For 

comparison we have calculated the 2ql noise, where I is the current measured, 

and the "amplified" shot noise enhancement due to noise-free amplification. They 
are represented in Fig.4 by asolid and dotted line respectively. The dotted line is 

drawn by consiclering the device as a black box, where the input current is the 
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photocurrent Io, and the output current is I loM, where M is the current 

multiplication factor that depends on V pc only. In such a case, the noise is given 

by 

(4) 

The noise measured, given by the dashed line in Fig.4, is quite different from 

that calculated from eqn.4 (shown in dotted line). This implies that fluctuations 

in the multiplication mechanism determines the noise. 

We can distinguish three noise contributions: 

i) for values of Vpc below 100 V, the predominant current is I 0 generated by 

absorption of photons. The shot noise is accurately predicted by 2qi0 . We 

subtracted this quantity from the measured noise in Fig.5. The result gives the 

actual noise con tribution of the ionising primary photoelectrons s/, plotted in 

Fig.5. 
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Fig.5. S~ = 81 · 2ql0 versus Vpc for VR = 0 V (0) and -104 V(+). 

ii) above 1 kV, a proportionality with Vpc3 is observed. The noise is independent 

of VR which means it is not related to the absorbed photons in the diode, but is 

only related to the production mechanism of many pairs of free-carriers by 

primary photoelectrons in the space charge region. 

For VR = 0 V represented by open circles in Fig.5, the noise s/ is strictly 

proportional to Vpc3 from the maximum 15 kV downtoabout 200 V. From this 
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lower energy limit we can conclude that the multiplication starts to take place at 

the top layer of the diode, with a projected depth of penetration of about 5 nm, 

and also, from eqn. (1) and Eth 200 eV that the current of primary electrans lp 

is about 60 pA. Wetook the value of Eth = 50 eV (in Fig.3) to represents the lower 

limit ofthe threshold energy, while the value of 200 eV was taken astheupper 

limit. We are certain that at 200 eV, the multiplication takes place because the 

noise is proportional to V.PJ3. The actual value of the threshold energy to the 

start ofmultiplication is between these two limits~ 

iii) the contribution where the noise is proportional to V pc 2, is a fimction of the 

reverse bias voltage applied to the diode .. It is observed at high valnes of VR and 

at photocathode voltages between 100 V llnd 1 kV, which correspond to collisions 
I 

taking place within the n+ side of the diode. Photoelectrons with this energy can 

enter and ionise the semiconductor between the top contact and the border of the 

depletion region. Some holes diffuse towards the edge of the depletion layer and 

are then swept towards the p+-region by the field, provoking an excess current. 

The small increase of current and its noise are fimctions of V R, which fixes the 

depletion width. For the total white noise we propose the expression: 

(5) 

where 10 is the photocurrent by absorbed photons in the diode, A(VR) is a function 

of VR, and Bis a parameter. We have plotted the result of eqn. (5) for VR = 0 V by 

a fullline in the insert ofFig.4 and for VR = -104 V in the main graph ofFig.4 by 

a dashed line. At VR = 0 V: 10 = 14.8 nA, A(O) = 0 and B = 2 ·10·34 A2sJV3. For VR 

= -104 V: 10 = 15.1 nA, A(-104) = 8 ·10·33 A2sfV2 and B = 2 ·10·34 A2sfV3. 

3. DISCUSSION 

3.1. Multiplication noise S~"" Vpc 3 

The proportionality with Vpc3, or with [3, or with M3 according to eqn. (1), is 

surprisingly similar to the results ofTager [3], Mcintyre [4] and Lecoy, Alabedra 

and Barban [6] in the case of avalanche multiplication, where the ioniaation 

coeffi.cients of electrans and holes are the same. The maximum value of the 

electrical field, in our device, is about 1.3 ·104 V/cm at - 200 V, which is too low to 

provide free carriers with enough energy to create secondary carriers by impact 
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ionisation. When the photocathode voltage is very low, free carriers are only 

generated by photon absorption. The device operates as a "normal" photodiode. 

Even at the highest reverse biases, no deviation from 2ql shot noise was 

recorded. This rules out any avalanche multiplication by the intemal field in the 

diode. 

However, when collisions occur between energetic primary electrous and the 

atoms in the diode, possibilities for the creation of electron-hole pairs can he 

mentioned: i) a single pair of first-generation secondary carriers is created only or 

ii) several are generated because the usual energy loss in primary collisions is 

larger than the average ionisation energy W [15]. In both cases, the energy of the 

secondary pairs may be high enough to ionise subsequent secondary carriers. 

In term ofnoise performance, we introduce the excess noise factor Fe defined by 

l+ var(M) 
(M)2 

(6) 

We should expect the excess noise factor to he inthebest conditions equal to 1. In 

our case, the noise is proportional to (M)3
, resulting in an excess noise factor 

proportional to the gain. As was mentioned above, the influence of second

generation and subsequent secondary carriers may possibly increase the noise to 

a limit, Sr oe (M)3 . 

A second reason for this high value of the excess noise factor lies in the 

contri bution of backscattered electrous to the gain. In the first instance, we may 

assume that the gain follows a normal distribution fp(M) centred around (M), 
reprasenting the multiplication of primary photoelectrons. The fraction of 

backscattered primary photoelectrons is a function of their initia} energy, angle 

of incidence and the atomie number of the target. For silicon it has been àhown 

that this fraction is about 18% around 10 keV [16]. This value increases for lower 

incidence energies. These backscattered primary electrans can lose a large part of 

their initial energy in the material before being ejected from the silicon. This can 

he interpreted by a modification of the gain dis tribution function at low values of 

the gain M. It reduces the average of the gain, less pairs are actually created, and 

it also increases the variance. The actual gain distribution is then given by: 

y 0.18xfn(M)+0.82xfp(M) (7) 

where fn (M) represents the gain distribution for backscattered electrous and 

{p (M) the gain distribution for the transmitted electrons. One can, for instance, 

choose a rectangular distribution for fB (M) to simulate the fact there is the same 
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choose a rectangular distribution for fB (M) to simulate the fact there is the same 

probability to create a number of carriers between 0 (pure reileetion of a primary 

photoelectron) and more than a half of the gain [16]. Then, one finds the 

following for the varianee 

(8) 

A third reason for the proportionality with (M)3 may also he a problem of 

focusing the photoelectrons onto the diode, which may strongly influence the 

noise and much less the DC characteristics, where no particular problems were 

observed. Therefore, the noise proved to he a diagnosis method for the quality of 

this device. 

3.2. Multiplication noise S~ ""Vpc2 

For low values of Vpc, below 1 kV, the electron-hole pairs created by incident 

photoelectrons are located in the n+-region. Some minority carriers can diffuse 

towards the depletion region, if they are created within the ditfusion length Lp 

from the edge of the depletion region. Because we do not know the exact doping 

concentration in this device, we can only estimate the ditfusion length for the 

holes, Lp, which is at least 2.5 pm [17] and thus much higher than the 0.1 pro 

thickness of the n + -region. So, a fraction of the holes that are created in the n +

side of the diode can diffuse and drift towards the p+-side. We observed an 

additional increase of current .& that we described by 

(
qVpc J Al= 3:(3 xKxl P (9) 

where Kis the fraction of electrans collected out of the photoelectrons current lp. 

This coefficient K does notdepend on V pc; but we found that it is related to VR. 
i 

The higher it is, the larger the fractiÓn of electrons collected. From our 

experiments, we observed that K = 0 if no voltage VR is applied. The current lp is 

only related to the illumination. The noise can then be described by: 

S.t1! (10) 



1/f noise 73 

4. 1/f NOISE 

The acceleration of photoelectrons towards the pbotodiade and deceleration by 

impact in the material gives rise to bremsstrahlung. For that reason we expect 

some 1/f noise in our experiments according to Handel's 1/f noise theory. 

However, the flow of photoelectrons is very weak and it is possible that other 

noise sources, such as the multiplication noise, are masking the 1/f noise due to 

bremsstrahlung. 

Experiments were performed on secondary emission 1/f noise in vacuum photo

diodes [18]. We compared our results with the results they obtained with 

photomultipliers contigured in simple diodes. The photoelectrons are accelerated 

to the anode by a voltage Va. In our device, we consider the anode to he the P-I-N 

diode that collects the current. 

Assuming that the electrons are travelling in the vacuum with a charge q, the 1/f 

noise should he 

SI({) [4ao Va2 \qla 

. 3~ c2 )f-rca 
(11) 

where ao = 1/137 is the fine structure constant, c the velocity of light, Va is the 

velocity ofthe electrans at the anode, 'fca is the transit time of electrons between 

catbode and anode, 'fca = 2dcafva where dca is the distance between catbode and 

anode, and Ia is the anode current. Intheir experiment dca = 0.6 cm. We estimate 

that it is about 2 cm in our device and the anode current is lp = 60 pA. The 

velocity of the photoelectrons is given by 

_c_~(2+a)a 
1+a 

and qVpc a=--
mc2 e 

The 1/fnoise calculated at 1 Hz given by eqn. (11) is presented in Fig.6. 

(12) 

It appears that the calculated 1/f noise from photoelectrons is masked by the shot 

noise due to current generated by photons at low Vpc, and is smaller than the 

multiplication noise at higher values of Vpc. Our measurements were only 

possible between 1 Hz and 100 kHz. To abserve the evidence of quanturn 1/f 

noise, it would require lower frequencies than 1 Hz where the 1/f noise becomes 

dominant. Therefore, no proof is given for the absence or existence of quanturn 1/f 

noise 
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Fig.6. Calculated quanturn 1/f noise at jl Hz (•) and measured white noise (+) 

versus the photocathode voltage. i · 

5. CONCLUSIONS 

We investigated the noise properties of a new hybrid photomultiplier tube. We 

did not observe any 1/fnoise as was predicted from the bremsstrahlung effect. We 

calculated this 1/f con tribution according to Handel's formula. The measured shot 

noise at 1 Hz was slightly higher than th,b calculated 1/f noise. 

We distinguished two noise contribution$: i) One due to the current / 0 created by 
I 

pboton absorption. It gives rise to full shbt noise following 2ql0 • It is independent 

of Vpc. ii) A specHic white noise proportional to Vpc3. It is ascribed to the 

process of carrier generation by succes~ive impact ioniaation of photoelectrons. 

This Vpc3 proportionality indicates a pdor noise performance of the device. This 

partienlar behaviour was only revealed Ji>y means of noise analysis, which proved 

to be effective as a diagnostic tooi. 
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Summary and Conclusions 

This thesis contains three parts. Each part deals with specific aspects of pbotonic 

devices. 

The first part presents a review of the results of low-frequency noise 

investigations in various pbotonic devices during the last ten years. It focuses on 

the. results on the 1/f noise observed in optical fibres, the electrical and the 

optical 1/f noise in semiconductor light emitters such as laser diodes and the 

electrical noise in modern photodetectors. We also present results where the 

noise is successfully used as a diagnostic tooi. 

In the second part of this thesis, we focus on the refractive index n of insulating 

and semiconducting materials. We present an accurate metbod to measure the 

refractive index of substrates. This method, applied to InP substrates, is based on 

a grating coupling technique. It gives a value of n with an error of about 3x1Q-4, 

such a low error is important for the design of InP-based pbotonic devices 

operatingin the 1.3-1.5 Jllil wavelength range. With this experimental set-up, it 

is also possible to measure both the wavelength and temperature dependendes of 

n. Measurements were carried out for n and p-type InP at wavelengtbs of 1.31 

Jllll and 1.55 Jlm for 21 samples covering a wide range of doping concentrations. 

The higher the doping concentration, the lower is the measured refractive index. 

The increasing intraband free carrier absorption is assumed to be the main cause 

ofthe reduction in nat increasing free carrier concentration. 

Based on simple physics, we propose a relation between the refractive index n 

and the bandgap Eg. This relation is given by n2 = 1 + (13.6/(Eg+3.4))2 and has 

been applied on more than one hundred materials with an accuracy better than 

8%. Compared to other relations, our model is more accurate for most of the 

compounds used in optoelectronic structures and for high-energy bandgap 

materials, but it cannot properly describe the behaviour ofthe IV-VI group. 

The temperature dependenee of n is derived from the above-mentioned relation. 

We campare three relations for the temperature-dependence of the refractive 

index of various semiconductors, based on our relation, Moss and Ravindra's 

formulas. The temperature coefficients obtained from the help of our relation are 

in good agreement with the experimental data, even for diamond or PbSe that 

exhibit a special behaviour. Two parameters were considered to he temperature 

dependent: the bandgap as the only material parameter and a parameter B with 

a temperature coefficient B1 = dB/dT = 2.5x1o-5 K-1 to he a constant for all the 

materials studied. We found r= (dnldT)In = (n2- 1)312 (dEgldT + BJ)/(13.6n2). For 
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InP, we found experimentally a value of r= 2x104 K-1. Our empirica! relation 

prediets r= 1.5x10-4 K-1, which shows that this relation can be used as a first 

approximation for a simulation. 

In the third part of this dissertation, we investigate the noise characteristics of 

some pbotonic devices. 

Firstly, we presented new results on polymer light-emitting diodes. We campare 

two models relating the current-density J to the applied electric-field E: the 

Fowler-Nordheim tunnelling model and a bulk· transport model with space

charge effects. The transport of the charge carriers in the polymer film is strongly 

affected by a self-trapping process. The carriers hop from one site to the other 

where the resting time in a site is very hmg compared to the hopping time. As a 

result the observed mobility is very low, io-8- 10·7 cm2Ns and is proportional to 

exp(E112). The results are successfully modelled with a bulk transport of charge 

carriers with an electric-field dependent mobility. In the diodes we observed 

three different degradation mechanisms. The first was the slight reduction of the 

observed mobility with time. The second was the appearance of black spots at the 

surface of the cantacts at high current densities. This is due to a local increase of 

the current density, along with a higher luminescence. When the increase of the 

current is too high, the local "hot spot" melts and · produces a black spot. The 

number of spots will increase. Ultimately the whole contact is melted and thus 

the device stops to operate. The third degradation was the creation of a parallel 

conductance, eventually leading to a short circuit. New sets of devices with an 

improved technology did not show this parallel conductance. We measured the 

electrical current noise of the LED's. The electrical noise behaviour was different 

before and after degradation. Fresh samples exhibited a reduced shot noise 

2qiT 2 with a reduction factor r2 between 0.4 and 0.7. For devices suffering from 

a parallel conductance, we observed a strong 1/f noise due to this conductance. At 

the same current density, the noise was 6 orders of magnitude higher after 

degradation. 

Secondly, we measured noise in the light intensity P0 at the end of a multimode 

optica} fibre. We observed a pure 1/f-type spectrum from 1 Hz up to 100Hz. The 

levels measured were well above the background noise of the experimental set

up. The relative noise in the light intensity can be characterised by the empirica! 

relation SpJP0
2 KLif. Thus the noise is proportional to the fibre length Land 

the factor Kis found to be 7xlo-14 m·l. This 1/fnoise is ascribed to fluctuations in 

the attenuation coefficient of the fibre. 
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Thirdly, we carried out noise measurements on a new hybrid photomultiplier 

tube in which photons are converled into photoelectrons at a photocathode. A 

high voltage applied at the cathode provides these electrons with an energy up to 

15 keV. They collide with a Si-PIN diode and create electron-hole pairs in this 

diode. We measured the fluctuations of the current in the diode. We 

distinguished two noise contributions: 

i) One due to the current I created by photons passing through the cathode. It 

gives rise to shot noise following 2ql. It is independent of the photocathode 

voltage V PC . 

ii) A specific white noise proportional to V}c. It is ascribed to the process of 

carrier generation by successive impact ioniaation ofphotoelectrons. We observed 

this proportionality down to energiesof less than 200 eV. We conclude that the 

multiplication process starts for electrons with an energy of at least 50 eV in 

order to ionise and diffuse towards the rim of the depletion layer before they are 

swept to the other contacts. This corresponds to a penetration depth of 5 nm at 

the n+-side of the diode. The V}c proportionality indicates a poor noise 

performance of the device. This particular behaviour was only revealed by means 

of noise analysis, which proved to he effective as a diagnostic tool. 

We did not observe any 1/f noise as can he expected from Bandel's quanturn 1/f 

noise formula. The measured shot noise at 1 Hz was slightly higher than the 

calculated 1/f noise according to Bandel's formula. 
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Samenvatting en Conclusies 

Dit proefschrift bestaat uit drie delen. Elk deel behandelt een aantal specifieke 

aspecten van "photonic devices." 

In het eerste deel geven we een overzicht van de belangrijkste resultaten van het 

onderzoek van de laatste tienjaar naar de laagfrequentruis in "photonic devices". 

Aan de orde komen de 1/fruis in optische vezels, de elektrische en de optische 1/f 

ruis in halfgeleider-lichtbronnen zoals laserdiodes, en de elektrische ruis in 

moderne fotodetectoren. Ook presenteren we resultaten waarbij ruis gebruikt 

wordt als diagnose middel. 

In het tweede deel van dit proefschrift richten we ons op de brekingsindex n van 

isolatoren en halfgeleider-materialen. We beschrijven een nauwkeurige methode 

om de brekingsindex van substraten te. meten. Deze meetmethode, die we 

toepassen op InP substraten, is gebaseerd op een "grating coupling" techniek. 

Deze meetmethode levert waarden op voor n met een absolute fout van ongeveer 

3·10-4• Met deze experimentele opstelling is het ook mogelijk de golflengte- en 

temperatuurafhankelijkheid van n te bepalen. Metingen zijn gedaan aan n- en p

type InP bij golflengten van 1.3 Jlm en 1.55 Jlm. Er zijn 21 samples gemeten 

waarvan de dopingsconcentratie varieert over een groot bereik. Er is gevonden 

dat n afueemt met toenemende dopingsconcentratie. We nemen aan dat de 

toename in intrabandabsorptie van vrije ladingsdragers de belangrijkste oorzaak 

is van de afuame van n bij een toenemende concentratie van vrije ladingsdragers. 

We stellen een relatie voor tussen de brekingsindex n en de bandgap Eg welke 

gebaseerd is op elementaire fYsica. Deze relatie, gegeven door n2 = 1 + (13.6/(Eg + 

3.4))2, is toegepast op ruim honderd materialen en beschrijft n met een 

nauwkeurigheid beter dan 8%. In vergelijking met andere relaties is onze 

vergelijking nauwkeuriger voor de meeste "compounds" die gebruikt worden in 

opto-elektronische structuren en vooral beter voor "high-energy bandgap" 

materialen. Het gedrag van de IV-VI groep daarentegen wordt door ons model 

niet goed beschreven. 

Uit de bovenstaande relatie hebben we de temperatuurafhankelijkheid van n 

afgeleid. Voor de temperatuurafhankelijkheid van de brekingsindex voor 

verschillende halfgeleiders vergelijken we drie relaties die gebaseerd zijn op onze 

vergelijking en op de formules · van Moss en Ravindra. De 

temperatuurcoëfficiënten zoals ze bepaald worden uit onze relatie komen goed 

overeen met experimentele data, zelfs voor diamant en PbSe die afWijkend 

gedrag vertonen. We veronderstellen dat twee parameters 
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temperatuurafhankelijk zijn: namelijk de bandgap als enige materiaal parameter 

en een parameter B met een temperatuurcoëfficiënt gegeven door B1 dB/dT = 
2.5·10-5 K-1, die we constant veronderstellen voor alle bestudeerde materialen. 

We hebben gevonden r= (dnldT)In = (n2 - 1)213 (dEgldT + BJ)/(13.6n2). Voor InP 

hebben we experimenteel een waarde van r= 2·10·4 K-1 gevonden. Onze relatie 

voorspelt r= 1.5·10·4 K-1 hetgeen aantoont dat onze relatie gebruikt kan worden 

als een eerste benadering bij simulatie. 

In het derde gedeelte van dit proefschrift bestuderen we de ruiskarakteristieken 

van een aantal "photonic devices." 

Ten eerste presenteren we nieuwe resultaten gevonden bij "polymer light

emitting diodes." We vergelijken twee modellen voor het beschrijven van de 

relatie tussen de stroomdichtheid J en het aangelegde elektrische veld E: 

namelijk het Fowler-Nordheim tunnellingmodel en een hulktransportmodel met 

ruimteladingseffecten. Het transport van ladingsdragers in polymeerfilms wordt 

in hoge mate bepaald door een "self-trapping" proces, waarin ladingsdragers van 

de ene vaste plaats naar de andere springen waarbij de verblijftijd in een vaste 

plaats lang is vergeleken bij de tijd van het bewegen. Als gevolg hiervan is de 

geobserveerde mobiliteit zeer laag, 10-8- 10·7 cm2Ns, en evenredig met exp(E112). 

Met een model gebaseerd op bulktransport van ladingsdragers met een mobiliteit 

die afhankelijk is van het elektrische veld, kunnen we een goede beschrijving 

geven van de experimentele resultaten. In deze diodes hebben we drie 

verschillende mechanismen voor degradatie gevonden. Allereerst is er. een lichte 

daling van de geobserveerde mobiliteit met de tijd geconstateerd. Het tweede 

degradatie mechanisme is het onstaan van zwarte vlekken aan het 

kontaktoppervlak bij hoge stroomdichtheden. Dit wordt veroorzaakt door een 

lokale toename van de stroomdichtheid en bijbehorend een toename van de 

luminescentie, waarna bij een te hoge stroomdichtheid de lokale "hot spot" smelt 

en zodoende een zwarte vlek genereert. Het derde degradatiemechanisme is het 

ontstaan van parallelle geleiding eventueel uitmondend in een kortsluiting. Dit 

derde mechanisme trad niet op bij een nieuwe serie devices gefabriceerd met een 

verbeterde technologie. We hebben de elektrische ruis van deze diodes gemeten. 

Het elektrische ruisgedrag was verschillend voor en na degradatie. Niet

gedegradeerde devices vertonen een gereduceerde schrootruis 2qlr'l- met een 

reductiefactor r 2 gelegen tussen 0.4 en 0.7. Bij devices die parallelle geleiding 

vertonen vonden we een sterke llf ruis als gevolg van deze parallelle geleiding. 

Bij gelijke stroomdichtheid is de ruis bij 1 Hz 6 ordes van grootte sterker na 

degradatie. 
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Ten tweede hebben we de ruis in de lichtintensiteit P 0 gemeten aan het einde van 

een multimode glasvezel. We hebben een puur 1/f spectrum gevonden van 1 Hz 

tot 100 Hz. De gemeten niveaus komen ruim uit boven de achtergrondruis van de 

meetopstelling. De relatieve ruis in de lichtintensiteit kan worden 

gekarakteriseerd met behulp van de empirische relatie Spc/P0
2 KLif Dus de 

ruis is evenredig met de lengte L van de glasvezel; voor de factor K vonden we K 

7·10·14 m·l. Deze 1/f ruis wordt toegeschreven aan fluctuaties in de 

verzwakkingscoëfficiënt van de glasvezel. 

Ten derde, we hebben ruismetingen gedaan aan een nieuwe hybride 

"photomultiplier" buis, waarin fotone~ op een fotocatbode fotoelektronen 

genereren. Een hoogspanning op de kath1de geeft deze elektronen een energie tot 

15 keV. Vervolgens botsen deze elektrbnen op een Si-PIN diode en creëren 

elektron-gatparen in deze diode. We hebben de fluctuaties in de stroom door de 

diode gemeten. We onderscheiden twee ruisbijdragen: 

i) Een ruisbijdrage ten gevolge van de stroom I gegenereerd door de fotonen die 

de fotocatbode passeren en vervolgens geabsorbeerd worden in de pin-diode. Dit 

leidt tot schrootruis ter grootte 2ql. Deze ruisbijdrage is onafhankelijk van de 

spanning op de fotocatbode V pc. 

ii) Een specifieke witte ruis evenredig met V}~. Deze. ruisbijdrage wordt 

toegeschreven aan een proces van generatie van ladingsdragers door successieve 

"impact ionisation" van fotoelektronen. We zien deze evenredigheid tot energieën 

lager dan 200 eV. We concluderen dat het multiplicatieproces start voor 

elektronen met een energie van minstens 50 eV die nodig is om te penetreren en 

te ioniseren en naar de rand van het depletiegebied te diffunderen alvorens naar 

de kontakten van de diode te worden getrokken. Dit komt overeen met een 

penetratiediepte van 5 nm in de n • -kant van de diode. De evenredigheid met 

V}c geeft aan dat de ruiseigenschappen 1van het device slecht zijn. Dit specifieke 

gedrag is slechts op de voorgrond gekomen door middel van een ruisanalyse, 

hetgeen dus een doeltreffend diagnosemiddel blijkt te zijn. 

We hebben geen 1/f ruis gevonden, zoals we die op grond van de quanturn 1/f 

ruistheorie van Handel zouden mogen verwachten. De gemeten schrootruis bij 1 

Hz was iets hoger dan de 1/f ruis zoals die berekend kan worden met de formule 

van HandeL 
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STELLINGEN 

behorende bij het proefschrift getiteld 

On noise and refractive index of photonic 
ma terials and devices 

Philippe Hervé 

Eindhoven, 19juni 1997 



1. The model of fluctuations in the optica! absorption 
coefficient is a good candidate for the explanation of the 
light intensity fluctuations in photonic devices. 

- Chapters I and IV of this thesis 

2. Noise analysis can he used as a diagnostic tool to detect 
defects that are not observable from the current-voltage 
charaderistic only. 

- Chapter V of this thesis 

3. The enhancement of shot noise in a hybrid photo
multiplier tube cannot simply he described by a Mclntyre 
model although the experimental results are similar to 
those obtained in the case of avalanche multiplication by a 
high internal field . 

- Chapter V of this thesis 

4. An empirica! relation of the refractive index n based on 
simple physics gives good results for n-dependencies on 
temperature or pressure. 

- Chapter IJ of this thesis and N.M. Balzaretti and 
J.A.H. da Jornada, Solid State Comm., 99, 943 ( 1996} 

5. In a polymer LED, an interface tunnelling model was 
presented in literature where the electric-field distribution 
is assumed to he homogeneous. At the metal-polymer 
interface, the field distribution no longer is homogeneaus 
and must he determined by solving the Poisson equation. 

- Chapter JIJ of this thesis and I.D. Parker, J. Appl. 
Phys., 75, 1656(1994) 



6. A unified model to explain the origin of the 1/f noise has to 
take into account experimental evidence of 1/f noise in 
materials where free electrans are not involved. 

- Chapter N of this thesis, and T. Musha, G. Borbély 
and M. Shoji, Phys. Reu. Lett., 64, 2394 (1990) 

7. Conjugated polymer devices for photonic applications will 
he part of our dornestic life in the beginning of the next 
century. There is a market for several display applications 
where polymer devices are a low-cost salution and the 
non-organic devices are not good competitors. 

8. One can appreciate some cultural aspects of other 
european countries (e.g. art, gastronomy), and at the same 
time one can wrongly believe that the habits and facts of 
daily life (e.g. bakeries open on Sunday mornings) should 
he the reference for everyone else in Europe. 

9. lt is wise to remember that the quality of education can 
have an impact on the quality of research in the long run. 

10. Those who have to rule should read ''The Prince" by N. 
Machiavelli. 




