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The nonlinearities in p-i-n photodiodes have been measured and 

numerically modeled. Harmonic distortion, response reduction, and 

sinusoidal output distortion measurements were made with two single

frequency offset-phased-locked Nd: YAG lasers, which provided a source 

dynamic range greater than 130 dB, a 1 MHz to 50 GHz frequency range, 

and optical powers up to 10 mW. 

A semi-classical approach was used to solve the carrier transport in 

a one-dimensional p-i-n photodiode structure. This required the simulta

neous solution of three coupled nonlinear differential equations: Poisson's 

equation and the hole and electron continuity equations. Space-charge 

electric fields, loading in the external circuit, and absorption in unde

pleted regions next to the intrinsic region all contributed to the nonlinear 

behavior described by these equations. 

Numerical simulations were performed to investigate and isolate 

the various nonlinear mechanisms . It was found that for intrinsic region 

electric fields below 50 kV/cm, the nonlinearities were influenced primar

ily by the space-charge electric-field-induced change in hole and electron 

velocities. Between 50 and lO0kV/cm, the nonlinearities were found to be 

influenced primarily by changes in electron velocity for frequencies 



above 5 GHz and by p-region absorption below 1 GHz. Above 100 kV/cm, 

only p-region absorption could explain the observed nonlinear behavior, 

where only 8 to 14 nm of undepleted absorbing material next to the intrin

sic region was necessary to model the observed second harmonic distor

tions of -60 dBc at 1 mA. 

Simulations were performed at high power densities to explain the 

observed response reductions and time distortions. A radially inward 

component of electron velocity was discovered, and under certain condi

tions, was estimated to have the same magnitude as the axial velocity. The 

model was extended to predict that maximum photodiode currents of ff) 

mA should be possible before a sharp increase in nonlinear output occurs. 

For capacitively-limited devices, the space-charge-induced nonlinearities 

were found to be independent of the intrinsic region length, while external 

circuit loading was determined to cause higher nonlinearities in shorter 

devices. Simulations indicate that second harmonic improvements of 40 to 

60 dB may be possible if the photodiode can be fabricated without unde

pleted absorbing regions next to the intrinsic region. 
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I. INTRODUCTION 

Nonlinear distortion in optical systems has been studied by man y 

researchers.1-1o Although most of the resear ch in the nonlinear behavior 

of these systems has been concentrated on sources, 1-4 for example laser 

diodes and external modulators, there h as been a limited amount of work 

done concerning the nonlinearities in receivers. 5-11 One important 

receiver component, the p-i-n photodiode (PD), has received very little 

attention. The reason for this lack of work on the p-i-n PD has been two

fold, 1) the devices were assumed to be very linear devices if the electric 

field is kept high enough in the intrinsic (depletion) region to cause the 

carrier velocities to saturate, and 2) source nonlinearities limited mea

surement dynamic range. 

Nevertheless, nonlinear behavior in PDs can be an important limit

ing factor in high-fidelity analog and digital communication systems. 

CATV applications requiring studio quality video transmission strive for 

harmonic distortion (HD) and inter-modulation distortion products 

(IMD) between -60 and -80 dBc. Also, many radar and electronic warfare 

systems require HD or IMD levels of -50 dBc or better. 

Many fiber-optic systems are now taking advantage of recently 

available high optical power sources for increased performance. For 

instance, heterodyne detection takes advantage of high local oscillator 

power to obtain shot-noise-limited performance in PDs. Optical pream

plifiers, both Erbium doped fiber amplifiers and semiconductor optical 

amplifiers, are used to reduce system link loss. Using high power optical 

sources with external modulators also lowers system link loss by increas

ing the modulated optical power without increasing the drive microwave 
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power. Of course, harmonics traditionally grow with a power-law behav

ior, for example second h armonics will grow proportional to the square of 

optical power, third harmonics will grow proportional to the cube of opti

cal power, etc. Thus nonlinearities become more importan t in systems 

with high incident optical power s. All of these basic optical system s will 

be affected, if not limited, by the nonlinearities in the common component 

- the PD. Hence, it is extremely important to under stand the nonlinear 

behavior in p-i-n PDs so that steps can be t aken to minimize it, and so 

that the fundamental limits of devices can be explored. 

Nonlinearities will exist at some level in PDs for many reasons. It 

is usually a poor assumption that an electric fi eld which is high enough 

to saturate the carrier velocities will yield, by itself, high linearity. 

Saturated carrier velocities are only one of the many assumptions that 

are required to linearize the equations that describe the transport of car

riers in PDs. The exclusion of electric fi eld dependence of the diffusion 

constants, electric field screening due to high space-charge densities, 

highly-doped (undepleted) absorbing regions where electric fields are 

low, trap sites, recombination, heterojunctions, and non-zero load resis

tances all add nonlinear t erms to the transport equations . This study 

concentrates on five of these effects: 1) Generation in highly-doped 

absorbing regions where the electric field is low, 2) diffusion, 3) recombi

nation, 4) the effects of space-charge induced electric field screening, and 

5) load resistance . These effects will be analyzed for their relative contri

bution to the nonlinear behavior in PDs. 

A sample of the harmonic data obtained from a commercial p-i-n 

PD is shown in figure 1.1. The device in figure 1.1 has a 3-dB bandwidth 
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Figure 1.1 Measured fundamental and harmonic power of a p-i-n 

photodiode at a fundamental frequency of 1 GHz. 

of 22 GHz with a 0.95-µm long intrinsic region. The applied bias was -2 V 

and the device was pigtailed with a single mode optical fiber. From the 

figure, the device displays two distinct regions of nonlinear behavior. For 

average PD currents below 300 to 500 µA, the growth in harmonic power 

approximately follows power-laws; however, for average PD currents 

above 500 µA, the growth in harmonic power deviates significantly from 

a power-law behavior. 

The overall scope of this dissertation is three-fold: demonstration of 

a technique for wide dynamic range (>130 dB) measurement of device 

nonlinearities, the modeling (physics) of photo detector carrier transport, 

and the obtaining of new insight into PD operation by relating nonlineari

ties from the simulation output to measured output. The second part of 

this work, device modeling, will help to predict and determine the limits 

of the nonlinear behavior. To carry out the numerical simulation portion 
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of this dissertation, a program was developed to solve the three coupled 

nonlinear differential equations required for the description of carrier 

transport in semiconductor materials . The simulations include all three 

regions of the semiconductor material, instead of just the intrinsic region 

as found in previous work,12-14 since nonlinearities may originate from 

undepleted regions of the device where there is absorption. This compli

cates the numerical solution significantly since diffusion cannot be 

ignored. The associated numerical instabilities involved with including 

diffusion have been well documented in the literature. 15 Various tech

niques15,16 have been used to deal with diffusion instabilities - here a 

new technique is introduced which is based on basic solid state physics. 

The simulations are first used to accurately model and understand 

device nonlinear behavior. After adequate agreement has been obtained 

between experiments and simulations, the various properties of the 

device, such as recombination, carrier mobilities, absorption in unde

pleted semiconductor regions, the intrinsic properties of InGaAs, and 

the intrinsic region length are modified to determine their relative con

tributions to the nonlinear behavior for various PD operating conditions. 

The work presented in the following eight chapters provides the 

first comprehensive study of the nonlinear behavior in p-i-n PDs and 

reveals that nonlinearities in certain devices can be quite high even when 

illuminated with low to medium power levels . Also, operation under 

high power densities is found to cause not only harmonic distortion, but 

also response reduction and phase distortions. 

Chapter II outlines the various methods for measurement of har

monic levels in PDs or other photosensitive devices. 
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Chapter III reviews the physics governing PD carrier transport 

and the associated nonlinear transport equations. Specific properties of 

InGaAs and InP materials, including diffusion constants and the elec

tric field dependence of the carrier drift velocities, are covered along with 

the structure of the p-i-n PDs under investigation here. 

Chapter IV discusses the numerical methods employed to solve the 

set of nonlinear equations governing carrier transport (Poisson's equa

tion and the carrier continuity equations) in one spatial dimension. 

Special attention is paid to specific limitations on the diffusion current 

derived from first principles rather than using numerical treatments. 

Chapter V presents measurement data with simulation results 

and analysis to sort out the various nonlinear mechanisms and their 

contribution to PD nonlinearity in various regions of PD applied voltage. 

Chapter VI presents additional data with simulation results and 

analysis pertaining to nonlinearities in several photodiodes under mod

erate power densities where the generated carrier densities are low 

enough not to cause the intrinsic region electric field to collapse. 

Chapter VII presents high power density measurements and sim

ulations of a device where the generated carrier densities are high 

enough to screen the intrinsic region electric field. 

Chapter VIII investigates ways of reducing PD nonlinearity and 

ways to increase the maximum PD current before the effects investigated 

in Chapter VII occur. 

Chapter IX gives conclusions. It summarizes the main results of 

this research and discusses suggestions for further work. 
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II. MEASUREMENT SYSTEM 

To fully characterize and analyze the nonlinear behavior in PDs, 

an amplitude modulated source free from harmonic content is essential. 

A measure of the source quality is its dynamic range or the range of opti

cal power for which optical nonlinearities in the source can be neglected. 

In order to simulate a wide variety of current optical systems, the source 

also must have a modulation depth that is variable from very low values 

for multichannel systems to values at least greater than 50% for single 

channel systems. 

The direct modulation of laser diodes is a poor candidate as a 

source for testing nonlinearities in PDs. This source presents some very 

difficult problems for manufacturers wishing to construct devices with 

high dynamic range. Several researchers1-5 have measured and ana

lyzed the dynamic range of laser diodes and their results have shown 

that a dynamic range of 60 dB or better for both HD and IMD is difficult 

when the optical modulation depth (OMD) is greater than 4%. For 50% 

modulation depths, values of HD and IMD are a disappointing 20 dB.6 

Light emitting diodes (LEDs) have been used7 to study the nonlinearities 

in avalanche photodiodes. However, this measurement technique? 

requires several assumptions about the relationship between actual har

monic levels and the intermodulation or second order products mea

sured. Additionally it provides only about 60 dB dynamic range. 

External modulation of a CW optical source with a Mach-Zehnder 

(MZ) electro-optic modulator is another possible source for testing the 

nonlinear behavior in PDs. The modulator, biased at quadrature to max-
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imize the linearity of the sinusoidal transfer characteristic, produces an 

amplitude modulated optical output according to the applied electrical 

signal input. Since the light output from the modulator is proportional to 

the sine of the input voltage, a large modulation signal causes harmon

ics of the modulation frequency f to appear in the optical output. The 

amplitude of these harmonics is described by a Bessel function expansion 

of sin(msin(wt)+<j> ), where w = 21tf. The power in the harmonics of f 

depend quite heavily on the modulation depth m and bias point <j>; how

ever, these nonlinearities have been measured by several researchers2-6,8 

(form = 0.02) to be as low as -55 dBc for IMD and -85 dBc for HD. By uti

lizing modulator linearizing circuits,4 slightly better results of -65 dBc 

have been achieved for IMD. As the MZ modulation depth approaches 

50%, values of HD and IMD approach 20 dB .6,9 Therefore the use of exter

nally modulated sources for reliable measurements of PD nonlinear 

properties is very limited. 

Recently, an attractive new source10,11 has been developed for the 

testing of nonlinearities in photodiodes. This new source meets every 

requirement of the ideal source for testing PDs due to its unique way of 

generating the frequency f. Such a source is used for this work and is 

based on heterodyning two single frequency lasers. This source creates a 

microwave signal at the frequency f by mixing two optical frequencies 

separated by f and has no inherent mixing components to create frequen

cies at integer multiples off. 

Consider the case of two single frequency lasers with electric fie lds 
' ' 

Ei(t) = E01cos(w1t+<j> 1) and E2(t) = E02cos(w2t+<j> 2), incident on and hetero

dyned in a photodetector as shown in figure 2.1. The resulting time-
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Figure 2.1 Heterodyne laser system for photodiode nonlinearity 

measurements. The individual laser powers can be adjusted to yield 

modulation depths from Oto 100%. 

average current generated by an ideal detector is proportional to the 

square of the total electric field and is given by: 

The first term in equation 2.1 is the average PD current while the 

second term is a signal at the frequency co 1-co2 . If the frequencies are 

adjusted such that co 1-co 2 = 2rrf is a microwave or RF frequency, the het

erodyned signal can be detected by a PD. Notice that since there is no 

term in equation 2.1 that contains an integer multiple off, the source is 

completely free of nonlinearities. However, without a phase-lock-loop 

(PLL), the beatnote will exhibit a linewidth approximately twice that of 

the laser linewidth. Commercial Lightwave Electronics model 120 

single-frequency lasers are ideal candidates for heterodyning since they 

are available with very narrow linewidths (<100 kHz). Additional essen

tial features are output powers up to 150 mW at 1319 nm and tunability 

over 50 GHz. 
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With heterodyning only (no phase-lock ) and t emper ature stabiliza

tion of the laser cavities as provided by the manufacturer, the frequency f 

is stable enough to measure the signals generated by the photodiode at f, 

2f, ... , and nf directly with a microwave spectrum analyzer. With an HP 

model 8566B spectrum analyzer operating at a resolution bandwidth 

(RBW) of 1 MHz and video averaging or with a 100 kHz resolution band

width without averaging, the minimum detectable electrical power is 

approximately -90 dBm. The RBW must be set sufficiently higher than 

its minimum of 10 Hz because of the frequency drift (1 MHz/min) and 

linewidth ( 1 to 50 kHz) of the lasers and associated beatnote. 

Additionally, at an upper PD current limit of 2.5 mA, the microwave 

power generated at the fundamental frequency f is approximately -10 

dBm. This results in an 80 dB dynamic range, which represents a 15 to 

60 dB improvement (depending on the modulation depth) over the direct 

modulation oflaser diodes or the external modulation oflasers with a MZ 

modulator approaches. 

A higher dynamic range for the heterodyne system (figure 2.1) can 

be obtained by offset-phase-locking the two lasers . Phase-lockingl2,13 the 

two lasers at the difference frequency f produces a spectrally pure beat 

note with negligible linewidth ( < 1 Hz) and drift. The RBW can then be 

reduced to less than 1 Hz, allowing the detection of electrical signals with 

signal powers of -140 dBm (10 Hz RBW, HP8566B) and below, depending 

on the spectrum analyzer. This increases the dynamic range of the mea

surement system to 130 dB, a value unsurpassed by any other PD nonlin

earity measurement technique. 

To test a PD, the single mode fiber-optic output of the source in fig-
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ure 2.1 can be used in two ways. It can be fused directly to the fiber-optic 

pigtail of a fiber-coupled PD or it can be used with laboratory-mounted 

unpigtailed PDs as shown in figure 2.2. The output Gaussian beam from 

the fiber is collimated with a spherical lens and is focused with a second 

spherical lens onto the PD under test. With identical focusing and colli

mating lenses, a spot size equal to the spot size of the light in the fiber 

(approximately 10 µm) will be incident on a PD placed in the focal plane 

of the focusing lens. With another combination of focusing lenseslO the 

minimum spot size can be reduced allowing higher power densities 

inside the photodiode. Larger spot sizes can also be achieved by translat

ing the PD in the Z direction (defocusing) as shown in figure 2.2. 

Output 
From Laser 
Heterodyne 
Figure 2.1 

_ ___.t::::::::::::: 

Collimating 
Lens 

Focusing 
Lens 

z 
.. ► 

Vbias 

Bias Tee 
(Cut Away View) 

Output To 
Spectrum 
Analyzer 

Figure 2.2 Lens coupling system with a variable optical spot size for use 

with laboratory mounted devices. 
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III. PHOTODIODE DEVICE PHYSICS 

Generalized Transport Equations 

The basic equations governing carrier transport in any semicon

ductor region are Poisson's equation and the carrier continuity equa

tions. Poisson's equation relates the potential 4' , to the charge distribu

tion inside any region and is given by: 

(3.1) 

where 4' = 4'(x,y,z,t) is the potential at the position (x,y,z) at some time t, p 

= p(x,y,z,t) is the hole density, n = n(x,y,z,t) is the electron density, Na is 

the density of ionized acceptor dopants present in the crystal, Nd is the 

density of ionized donor dopants present in the crystal, q is the unit of 

charge (here positive), and£ is the permitivity of the semiconductor mate

rial. The electric field, E = E(x,y,z,t), in the semiconductor region is given 

by the negative gradient of the potential 4' and when substituted into 

Poisson's equation (3.1) yields Gauss's Law which is given by: 

(3 .2) 

The continuity equations for holes and electrons control the conser

vation of carriers in any volume. With a mid-bandgap approximation for 

the recombination centers, 1 the continuity equations are given by: 

ap = G _ pn - nf _ _!:_ V . J 
at (p + n + 2n)"Cp q P ' 

(3.3) 

an pn-n2 1 
-=G- 1 +-V-J 
at (p + n + 2n)"Cn q n ' (3.4) 
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where G = G(x,y,z,t ) is the generation of carrier s in the volume, -c and -c p n 

are the hole and electron recombination times , r espectively, and n . is the 
l 

intrinsic carrier density. JP and J n are the hole and electron cur rents, 

respectively, which are expressed as: 

(3.5) 

(3.6) 

where Jpdrift and Jndrift are the hole and electron drift currents, respec

tively, and J pdiff and Jndiff are the hole and electron diffusion currents, 

respectively. The total current in the semiconductor region is the sum of 

the hole and electron currents (equations 3.5 and 3.6) with the addition of 

the displacement current and is given by: 

(3.7) 

Equations 3.2 to 3.4 describe the carrier flow within a semiconduc

tor region and solutions to a particular problem require the simultaneous 

solution of these coupled equations with the appropriate boundary condi

tions and the particular expressions for the currents (equations 3.5 and 

3.6). In particular, photodiodes made with InGaAs and InP material 

will be considered here. 

p-i-n Photodiode Structure 

The basic photodiode structure under investigation here (figure 3.1) 

is either a single or double heterojunction device made from InP and 

InGaAs. InGaAs lattice-matched to InP has a bandgap2 of 0.75 eV at 300 

Kand is sensitive to optical radiation if the wavelength is 1650 nm or 

shorter. InP, however, has a bandgap2 of 1.35 eV at 300 Kand is sensitive 
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only to radiation having a wavelength of 920 nm or shorter. Therefore 

these are an ideal pair of semiconductor materials for detection of radia

tion in the 1300-nm to 1550-nm wavelength range, a region of importance 

for low-loss optical fiber communication systems. 

The generic device (figure 3.1) under investigation is composed of a 

highly-doped n-InP substrate, an intrinsic layer of unintentionally-doped 

n-InGaAs, and a degenerately-doped p-lnP or p-lnGaAs cap layer. The 

X=Wp X=Wp+Wi X=Wp+Wi+Wn=W 

..,;, p 1 n 
t.) 

n-InGaAs 
0 

.5 p-InGaAs n-InP ~ 
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i:::: or Substrate V 0 
..... 

0 p-lnP 
n 

u 0 

p-Side ·a 0 n-Side ::, 
M-

Illumination ..c: p:i Illumination 
0 n 

M-

Applied Reverse Bias, Va Load Resistor 
+ 

Figure 3.1 Simple model of a p-i-n photodiode structure. 

incident light is assumed to pass through an aperture in either then- or 

p-side ohmic contact of the device. Actual devices may take on many 

forms such as planar or mesa3,4 structures. However, the simplified 

model will allow many of the physical mechanisms responsible for PD 

nonlinearities (NL) to be studied. 

Simplifying Assumptions 

Throughout this work, several simplifying assumptions on the 

behavior and physical properties of the device in figure 3.1 will be made 



18 

by eliminating unknown or little known aspects of the device. The valid

ity of any such assumptions is deemed appropriate if sufficient agree

ment is obtained between experimental measurements and the simu

lated results. A one-dimensional (one spatial dimension) analysis will be 

considered here. This will allow some aspects of the device NL to be stud

ied, however; as will be explained later, two-dimensional simulations 

will be required to further study device nonlinear behavior. 

The second simplifying assumption is that the p- and n-contacts 

are ohmic and, as such, offer no barrier to carrier flow. This permits the 

majority carrier density near the contact/semiconductor interface to be 

approximated5 by the density in the bulk region. This can be stated math

ematically by the following boundary conditions at x=O and x=W: 

at X = Q, (3.8) 

n = Na CW), at x =W (3.9) 

An additional boundary condition is needed for the solutions of 

equations 3.2 to 3.4. This boundary condition relates the given applied 

voltage Va and the built-in diffusion potential V bi to the electric field in 

the semiconductor region and is given by: 

(3.10) 

with the built-in potential given by the usual expression: 

(3.11) 

where k is Boltzmann's constant and Tis the absolute temperature. Note 
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that in equations 3.10 and 3.11, the heterojunction potential steps have 

been omitted in the formulation of the potential and electric field. This is 

equivalent to treating the device (from the point of view of the electric 

field) as a homojunction p-i-n diode. The transport of carriers across the 

heterojunction(s) will be discussed in the next section. 

The light incident on the detector (figure 3.1) enters either through 

an opening in the p-side or the n-side contact depending on device con

struction . For the purposes here, the incident contact surface is 

assumed to be anti-reflection coated and thus 100% of the incident light 

enters the semiconductor material. The generation rate G (eqns 3.3 and 

3.4) can be expressed as the absorption of photons at a position x multi

plied by the time dependence of the generated light. The absorption is 

exponential in the regions where a single photon has enough energy to 

generate a hole-electron pair, which for 1300 to 1550-nm light is only in 

the InGaAs regions. For single-pass p-side illumination, the generation 

rate is expressed as: 

(3.12) 

where G/t) is the time-dependent generation rate per volume and a is 

the absorption coefficient for InGaAs. For single-pass n-side illumina

tion, the generation rate is expressed as: 

(3.13) 

where x = (wp+wi) is the InP/InGaAs interface (figure 3.1). 

The band diagram of the device is shown in figure 3.2, where a p

InGaAs cap layer is assumed with a reverse bias voltage of a few volts. 

The InGaAs/InP heterojunction depicted in figure 3.2 has a valence band 
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Figure 3.2 A depiction of the photodiode band diagram. 

discontinuity6 of 0.37 eV and a conduction band discontinuity6 of 0.23 e V. 

The reduction in the conduction band discontinuity and the increase in 

the valence bands discontinuity of approximately 0.1 e V is the result of 

the difference in the doping of the intrinsic n-InGaAs, Nd = 101s cm-3, 

and the n-InP, Nd = 1017 cm·3. The band discontinuities are barriers to 

current flow and their effect is to trap carriers. 7 Here the effects of the 

heterojunctions will be reduced because of several approximations. 

Electrons will be allowed to flow without restriction across the con

duction band barrier since, near the 0.1 e V barrier, the electron can have 

significant velocity (energy) towards the barrier due to the high electric 

field and, with a low effective mass, may travel across the barrier without 

restriction. Holes on the other hand will not tend to flow across the 0.5 e v 
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valence band barrier since they inherently tend to flow away from the 

barrier and, with their higher effective mass, will be less likely to pene

trate into the InP. Therefore, for modeling purposes, holes will not be 

allowed to move past the heterojunction. 

Carrier Transport Properties of lnGaAs 

The solutions of equations 3 .2 to 3.4 with the associated current 

equations 3.5 and 3.6 require expressions for the drift and diffusion cur

rents. This requires values for carrier mobilities, diffusion constants, 

and carrier velocities with their respective relationships to the doping 

concentrations and the electric field . In general the equations for the 

drift currents Jpdrift and Jndrift are : 

J p<1,i1't = -qpv /E) , (3.14) 

(3.15) 

where v (E) and vn(E) are the electric-field-dependent hole and electron p 

drift velocities, respectively. For electric fields below 4 kV/cm for elec-

trons and below 20 kV/cm for holes, the drift velocities are the usual 

expressions of mobility times the electric field. However, for high speed 

operation, it is desirable to operate the device with electric fields high 

enough to saturate both carrier velocities to minimize the carrier transit 

times. To model a particular device, it is necessary to utilize the entire 

velocity-versus-field relationships for the drift velocities because carriers 

will be in regions of the device where the electric field may be high 

enough to saturate carrier velocities (intrinsic region) and in regions 

where the fields are low (contacts and interface regions). 
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The electron velocity versus electric fi eld has been measured8 for 

various samples of InGaAs at electric fields from 10 to 100 kV/cm. An 

empirical expression is used to describe vn(E) for electrons in InGaAs: 

(3.16) 

where µn is the electron low-field mobility in InGaAs, vnhf is the high 

field electron velocity, and Pis a fitting parameter. 

Equation 3.16 is plotted in figure 3.3 for electron mobilities of 10,000 

and 8,000 cm2Ns with the experimental data from reference [8]. The cor

responding fitted parameters are P = 1.0 x 10-7 and 0.8 x 10-7, respectively, 

and in both cases vnhf = 5.4 x 106 cm/s. Equation 3.16 differs slightly from 

the empirical formula given by Dentan and de Cremoux.9 Equation 3.16 

was chosen because it provides a better fit to the experimental data8 from 

20 to 100 kV/cm, even though it fails to give a high enough peak electron 
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Figure 3.3 Electron velocity versus electric field for electron mobilities 

of 8,000 and 10,000 cm2Ns. Experimental data from Reference [8]. 



velocity. For simulation purposes, the low-field electron mobility used 

will be between 6,000 and 10,000 c m2N s since the measured values in dif

ferent semiconductor samples vary between 6,000 and 10,500 cm2/V s .2 

The electric field dependence of the hole velocity in InGaAs has not 

received as much attention as the electron velocity; however, measure

ments have been made for the saturated hole velocity. 4 A high-field hole 

velocity of vphf = 4.8 x 106 cm/s may be used with the following empirical 

formula: 

(3.17) 

to analytically describe the hole velocity versus electric field (figure 3.4) 

for hole mobilities of 150 and 250 cm2/V s . 

The value for the hole mobility used in our studies is between 50 to 
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Figure 3.4 Hole velocity versus electric field for hole mobilities of 

150 and 250 cm2Ns. Experimental data from Reference [4]. 
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80 percent of the only reported10 (300 cm2Ns) value in the literature. This 

is reasonable considering the fact that the electron mobility varies appre

ciably from sample to sample. The exact electric field dependence of the 

hole mobility in InGaAs below 50kV/cm has not yet been measured. For 

example, the hole mobility in equation 3.17 needs to be at least 10% lower 

for a best fit to the empirical formula of Dentan and de Cremoux9 below 

50 kV/cm. Therefore, the hole mobility will be left as an adjustable 

parameter for this study so long as the values used are within the 150-300 

cm2Ns range . 

It has also been reported2 that the carrier mobilities decrease as 

the doping densities exceed 1016 /cm3 due to ionized impurity or free car

rier scattering. To incorporate this information into the transport equa

tions, the hole and electron mobilities will be reduced by the following 

empirical relationships: 

µp = [ µp ]1/2 
1 

p+n 
+-- ' 

Ph 
(3.18) 

(3.19) 

where Ph and nh are the carrier densities where the respective mobilities 

have decreased by 11✓2. These empirical relationships are approxima

tions to data2 and are not meant to distinguish between the different scat

tering mechanisms such as hole-hole, electron-hole, electron-electron, or 

carrier-ionized-dopant scattering. 
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Diffusion CUITent Limitations 

Limitations on the diffusion current has not received much atten

tion in the literature with the exception of several11,12 numerical treat

ments. The diffusion current for electrons is typically expressed as : 

an 
J ndiff = qDn ax (3.20) 

This equation implies that, as the carrier density gradient increases, the 

diffusion current will increase without bound. This will certainly not 

occur in any semiconductors since carrier scattering and thermal veloc

ity limitations will limit the carriers effective velocity whether the carrier 

moves by drift or diffusive mechanisms. 

When equations 3.5 and 3.6, containing the diffusion terms, are 

substituted into the continuity equations 3.3 and 3.4, the three coupled dif

ferential equations become second order in x . The resulting drift

diffusion problem becomes analytically untractable and leads to instabili

tiesll,12 in numerical solutions. To avoid these complexities, many 

researchers9,13-15 disregard the diffusion terms in the continuity equa

tions and solve drift-only problems in regions where the diffusion terms 

are believed to be less important. This is rationalized13 with the argu

ment that once the voltage exceeds kT/q, the contribution of the diffusion 

current to the total current is negligible . While this may be true, carrier 

diffusion is crucial for an accurate determination of the internal PD elec

tric field which depends on the charge location, itself a strong function of 

the diffusion terms. Additionally, reference [13] assumes that the gener

ated carrier densities are small such that the electric field is not per

turbed, which may not be true for the high incident powers under consid-



26 

eration here. In fact, the basic solution to a p-n junction under dark con

ditions (zero total current) requires the delicate balance between the drift 

and diffusion currents. 

To circumvent the added complexity of the diffusion terms 
' 

researchers13-15 have limited their modeling to the intrinsic region only 

or divided the problem up into distinct regions. In this study, the diffu

sion terms will not be neglected. Although this adds considerable com

putation time to the simulations, a complete treatment of diffusion is nec

essary since an accurate description of the electric field is important for 

high power effects as will be demonstrated in Chapter VII. 

Equation 3.20 therefore needs to be modified for the effects of veloc

ity saturation. The expression for the diffusion constant for non

degenerate semiconductors is given by the Einstein relationship: 

D 
kT 

=-µ 
q (3.21) 

The dependence of the diffusion constant with electric field is linked to 

the mobility since kT/q is constant at a given carrier temperature. An 

expression for the mobility as a function of electric field for electrons in 

materials with intravalley scattering (GaAs, InGaAs, InP, and etc.) is 

given by Boerl 7 (eqn 33.23). Although the exact characteristic of electrons 

in InGaAs is not known, the dependence from equation (33.23)17 suggests 

that at high fields, the mobility has a 1/E dependence. Experimental veri

fication of the diffusion constant versus electric field is difficult to mea

sure since the diffusion current is masked by the drift current at high 

fields. However, theoretical calculations18
-
21 in InP and GaAs result in 

diffusion constants with a 1/E~ dependence where ~ is between 0.5 to 1, 



depending on carrier temperature and model assumptions. Additionally 

these calculations predict a diffusion constant peak near an electric field 

where the drift velocity peaks. From the results in GaAs and InP an 
' 

estimation of the diffusion constant will be made for electrons in InGaAs 

and will be expressed as: 

(3.22) 

where EP is the electric field where the diffusion constant peaks and 

µ(E=0) is given by equation 3.19. The polynomial and its coefficients in 

the denominator of equation 3.22 were chosen to portray the behavior of 

the diffusion constant18-21 in GaAs and InP in three respects : 1) the slope 

of the diffusion constant at E = 0 is zero, 2) the peak in the diffusion con

stant is approximately 130% of its value at E = 0 at a field near the drift 

velocity peak, and 3) the characteristic roll off at high electric fields is~ = 

0.75. Equation 3.22 is plotted in figure 3.5 with EP = 4 kV/cm. 

The diffusion constant for holes has not received much attention in 

the literature. Since the hole does not experience a velocity peak at a par

ticular electric field (scattering into a higher-effective-mass valley), the 

hole diffusion constant can be approximated by the following expression: 

(3.23) 

where vpCE) is given by equation 3.17. Equation 3.23 is also plotted in fig

ure 3.5. Note that the diffusion constant for electrons is 20 to 50 times 

greater than that of the hole for E < 100 kV/cm. Equations 3.22 and 3.23 
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are only estimates for the diffusion constants and, as will be discussed 

shortly, further reductions in the diffusion current will be required. 

Even with the diffusion constant limitations implied by equations 

3.22 and 3.23, the diffusion current and effective diffusion carrier "veloc

ity" can quickly exceed the thermal velocity or the saturated carrier veloc

ities. Boer has analyzed diffusion5,17,22•23 and applied his results to semi

conductors . His work leads to the hypothesis that, since diffusion is 

derived from the difference between two random walk currents22 (a for

ward and reverse current), as the carrier density gradient becomes 

increasingly high, the contribution of the reverse current is negligible 

compared to the forward current . The maximum diffusion current 

therefore, is the maximum forward current which is expressed as the 

Richardson-Dushman current.23 For carriers following Boltzmann 



statistics the maximum current through a planar surface17 is given by: 

(3.24) 

where vrms is the thermal velocity for electrons. A corresponding equa

tion exists for holes. Boer goes on to suggest22 that this current is further 

limited for high built-in electric fields (high enough to saturate the drift 

velocity) to a current equal to the saturated drift current near the deple

tion region edges where drift and diffusion currents must be equal. Boer 

therefore suggests that the maximum diffusion current in high carrier 

density gradients and high built-in fields should be limited by the maxi

mum drift currents, with the maximum diffusion currents given by:22 

Jndiff,max = qnvndiff-sat , (3.25) 

Jpdiff,max = qpvpdiff-sat , (3.26) 

where vndiff~sat and vpdiff-sat are the saturated diffusion "velocities" and in 

some sense are equal or nearly equal22 to the saturated drift velocities. 

The Nonlinear Transport Equations 

Gauss's law (eqn. 3.2) combined with the continuity equations (3.3 

and 3.4) with the appropriate substitutions for the currents Jn and Jp, 

(eqns 3.5 and 3.6), and the expressions for the drift currents, (eqns 3.14 

and 3.15), yield the three simplified transport equations: 

(3.27) 

(3.28) 
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an __ G _ pn - n; an av 1 aJ . _ ____::_ _ _____, __ + V - + n __ n + _ nd1ff 

at (p + n + 2n)rn II ax ax q ax 
(3.29) 

where the diffusion current has not been simplified but may be reduced 

with the help of equations 3.25 and 3.26. Equations 3.27 to 3.29 are linear 

only if the following three conditions are satisfied: 

1) The carrier velocities, vn and vp, are independent of the carrier densi

ties, n and p. 

2) The diffusion current terms in equations 3.28 and 3.29 are linear with 

carrier density. 

3) The recombination terms are simplified or neglected. 

Since the carrier velocities are related to the electric field via equa

tions 3.16 and 3.17 and are further related to the carrier densities via 

equation 3.27, the first condition is satisfied only when the electric field is 

not effected in the PD due to the generated carrier densities; however, 

this does not restrict the velocities from being functions of position or 

time. This approximation is the low-level-injection condition. 

To define the low-level-injection condition, let the total hole and 

electron concentrations be defined as follows: 

P =Po+ p' (3.30) 

(3.31) 

where Po and n
0 

are the dark-condition carrier concentrations and p' and 

n' are the excess carrier concentrations due to the incident light. 

Gauss's law (eqn. 3.27) can then be expressed as: 

(3.32) 
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The electric field can then be expressed as the sum of a dark electric field 

(Edark) and a space charge electric field (E
5
c) given by: 

(3.33) 

which allows Gauss's law to be divided into two equations; one equation 

describing Edark and the other describing E sc • given by: 

(3.34) 

q ( I ') V • E sc = £ p - n . (3.35) 

Low-level-injection is defined when p' << Po, n' << n
0

, and p' "" n,. 

Operating in the low-level-injection condition therefore allows Esc "" o, or 

equivalently, it assumes that the electric field is unchanged from its 

value under otherwise dark conditions. To a first approximation, this 

breaks the connection between the electric field and the carrier velocities . 

The second condition is satisfied only if the diffusion constants are 

independent of the carrier densities. The carrier velocities and diffusion 

constants may be functions of the generated carrier densities by the fol

lowing mechanisms: 

1) Space-charge fields, which violate the low-level-injection conditions, 

result in carrier-density-dependent electric fields. This can result in 

changes in the electron velocity via equation 3 .16, changes in the 

hole velocity via equation 3.17, and changes in the diffusion con

stants via equations 3.22 and 3.23. 

2) The flow of current in the p-region, being directly proportional to the 

electric field, modifies the carrier velocities of the generated carriers 

in this region. 



32 

3) Lower carrier mobilities via equations 3.18 and 3.19 from scattering 

at high carrier densities can modify the carrier velocities and the 

diffusion constants with increasing carrier densities. 

4) Photodiode potential drops from current flow in the external load 

resistance lowers the internal electric field and results in carrier

density-dependent carrier velocities . 

5) Saturation of trap sites. 

6) Carrier flow near or across the heterojunctions. 

7) The generated carriers not reaching their steady-state velocities 

instantly due to their finite acceleration and scattering times. 

The relative contribution of the first four of these conditions to PD nonlin

ear behavior will be the focus Chapters V through VIII. 

The solution to the transport equations (3.27 to 3.29) thus requires 

the substitutions of the appropriate equations given throughout this chap

ter and results in a system of three coupled nonlinear differential equa

tions for the currents in a p-i-n PD. In principle, using these equations 

with the boundary conditions (3 .8 to 3.11), the resulting system of equa

tions can be solved. Analytical solutions for equations 3.27 to 3.29 are 

extremely difficul t and have led to numerous numerical 

solutions.9,11,12,14,15,24,25 Chapter IV will discuss the approach taken here 

to solve this system of equations as well as presenting the resultant physi

cal approach for the diffusion current limitations, which was proposed in 

equations 3.25 and 3.26. 
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IV. NUMERICAL TECHNIQUES 

futroduction 

Solutions to the transport equations outlined in Chapter III have 

been limited to numerical treatments with the exception of some simple 

one-dimensional (1-D) problems. A sample of the overwhelming number 

of papers on numerical techniques for semiconductor device simulation 

are given in references [1]-[9]. The appropriate choice of numerical tech

nique for the solution of the transport equations is not straight forward 

and each method has its advantages and disadvantages. 

Several numerical methods were considered including the finite 

difference, finite element, and iterative methods. Iterative and finite ele

ment methods are usually considered two-dimensional (2-D) methods 

and since the extension of this work to 2-D was not pursued, these meth

ods were not used. Initial solutions with the finite difference method 

using a two-point difference resulted in poor accuracy and numerical 

instabilities. After some time modeling only the intrinsic region, an 

open-loop time-step solution was chosen over the finite difference method. 

Although this method may not be the most efficient (computationally), it 

promised to give accurate and satisfactory results. A block diagram of 

the algorithm is given in figure 4.1. The PD (figure 3.l)is divided into m 

slices or bins, not necessarily of the same width. A piecewise-constant 

approximation for the carrier densities is utilized in each slice as shown 

in figure 4.2. 

The algorithm begins by solving the steady-state transport equa

tions with a given constant (possibly zero) generation function. The main 
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Figure 4.1 Algorithm Flow Chart 

loop (figure 4.1) begins by adjusting the carrier densities via generation 

and recombination during the time ~t and, with the new carrier densi

ties, then recalculates the electric field at the bin interfaces via a solution 

of Poisson's equation. Following the evaluation of a new electric field 
' 

new values for the carrier velocities and diffusion constants are calcu

lated at the bin interfaces. The carriers are then allowed to move during 

~t from their respective bins according to their new velocities and diffu

sion constants. If no output (current) is desired, the loop repeats itself for 

a predetermined time. The algorithm is open-loop IO because the solution 

of the transport equations at the time t requires information about the 

carrier densities at the time t - ~t only once and does not iteratively solve 
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Figure 4.2 Diode Partitions and Carrier Approximations 

for variables at time t. Specifics outlining each of the algorithm steps will 

be presented in the next few sections. 

Solving Poisson's Equation 

The solutions to Poisson's equation (eqn. 3.1) or, equivalently to the 

differential form of Gauss's law (eqn. 3.2) using a piecewise-constant 

approximation for the carrier densities is a simple calculation for a given 

boundary condition (eqn. 3.9) as follows. Referring to figure 4.3 and 

assuming a forward-difference approximation for the derivative in equa

tion 3.2, the electric field at the interface i+l, Ei+l> is related to Ei by: 
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Beginning with E0 = k, the electric field inside the diode can be deter

mined to within a constant, k, determined by the charges on the ohmic 

contacts. After the calculation of Evia equation 4.1, the electric field is 

integrated by the trapezoidal method. The resulting potential, VE• is sub

tracted from the applied and built-in voltages: 

(4.2) 

The resulting error potential, V error, is due to charge on the ohmic con

tacts, since the field inside the contacts is uniquely determined (to within 

a constant) by equation 4.1, and the potential between the contacts must 

be equal to the applied and built-in voltages . Therefore an image charge 

is placed on the contacts, which results in an additional constant electric 

field component through the diode and is given by: 

Verror 
Eadd = W , (4.3) 

where w is the separation between the ohmic contacts. The additional 

electric field is added to the field at each interface, which is equivalent to 

beginning the solution of equation 4.1 with Eo = k + Eadd· The integration 

of E is repeated with the calculation of a new error potential, until the 



39 

error falls below approximately 1 µ V. A single iteration will not neces

sarily give the correct answer for E since terms in the integration of E 

can change signs, resulting in one or two additional iterations. 

The Continuity Equations and Diffusion Saturation 

The solutions to the continuity equations traditionally have meant 

the expansion of equations 3.3 and 3.4 directly into finite differences or 

other numerical methods . Here the approach is to reanalyze the continu

ity equations and to carry out their solutions by the way in which they are 

created. 

The continuity equations are a mathematical description of the 

conservation of carriers within a given volume. Consider the bins (i-1), 

(i), and (i+l) in figure 4.4. The change in carrier density within bin(i) is 

equal to the number of carriers entering the bin minus the number of 

carriers leaving the bin. The physical mechanisms for carriers entering 

bin(i) are generation within bin(i), carrier drift from bin(i-1) and bin(i+l) 

into bin(i), and carrier diffusion from bin(i-1) and bin(i+l) into bin(i). The 

physical mechanisms for carriers leaving bin(i) are recombination 

Interface (i) Interface (i+l) 

Bin (i-1) 

p . 1 I-

n i-1 

Bin Width = dx i-1 

Bin Area= areai -1 

carrier 
flow 

E · I 

Bin (i) 

p. 
I 

n· I 

Bin Width= dxi 

Bin Area = area i 

carrier 
flow 

E i+l 

Bin(i+l) 

ni+l 

Bin Width= dx - 1 I+ 

Bin Area = area . 
i+l 

Figure 4.4 Bins (i-1), (i), and (i+l) 
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within bin(i), carrier drift from bin(i) into bin(i-1) and bin(i+l), and car

rier diffusion from bin(i) into bin(i-1) and bin(i+l). Therefore, during 

every time step Llt, the carrier densities in each bin are recalculated 

based on generation, recombination, and carrier movement. 

The carrier flow due to the drift current at interface (i) is evaluated 

with the following simple expressions. Consider the case when the drift 

velocity at interface (i) is such that electrons will tend to flow out of bin(i) 

and into bin(i+l), the number of carriers that flow during time Llt into 

bin(i+l) is just: 

(4.4) 

The drift terms in the continuity equations are thus treated by calculating 

the number of carriers that move through interface (i), using equation 

4.4, and by adding and subtracting those carriers (divided by the volume) 

from their respective bins. In the limit of this simple physical model, the 

distance that the carriers travel in a single time step may not be any 

larger than the maximum of the velocity times the smaller of the leaving 

or entering bin widths, in order to keep the carriers from moving across 

two bin boundaries. This results in an upper limit for the time step, Llt, 

that the algorithm may use. 

Carrier diffusion is handled in a similar way with a simple physi

cal approach of limiting the diffusion "velocity" (eqns 3 .25 and 3.26) 

which is consistent with the analysis of Boer11
•
12 and Dushman.13 This is 

in contrast to the numerical techniques 14•15 used to control the diffusion 

current and prevent instabilities in drift-diffusion numerical solutions. 

Following the analysis of Boer, 12 the diffusion current is derived by 

the difference in carrier flow from one position in space to another as 
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shown in figure 4.5. These currents can be expressed12 as forward and 

reverse currents due to their Brownian motion as: 

J _ ( dn) v::n,s 'tn 
ndiff - q n o -2 -3- dx ' (4.5) 

n +- - ---J- _ ( dn) v ;ms 'tn 
nditr - q o 2 3 dx ' (4.6) 

where 'tn is the mean time between collisions. The net diffusion current 

is the difference between equations 4.5 and 4.6 and is given by: 

(4 .7) 

The diffusion constant is therefore defined as : 

(4.8) 

The maximum diffusion current (eqn. 3.24) is derived from equations 4.5 

and 4.6 assuming that for high carrier density gradients the reverse cur

rent (eqn. 4.6) vanishes. If the distance dx is set equal to the mean free 

path dx = v 't equation 3.24 is obtained. 
' rms n' 

A direct analogy between the discrete nature of a numerical solu-

n 
n(x) 

X 0 -dx/2 x0+dx/2 

X 

Figure 4.5 Illustration for the derivation of the diffusion current. 

From Ref. [ 11] 
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tion and the derivation for diffusion can be presented with a simple 

model. Given the carrier densities between bins (i) and (i+l) in figure 4.6, 

Interface (i) Interface (i+l) 

carrier 

Interface (i+2) 
Bin (i+l) 

E -1 

Bin (i) 

16 
nj=lO 

Bin Width = dx i 

Bin Area = area i 

flow 

15 
ni+l =10 

Bin Width= dxi+l 

Bin Area= areai+l 

Figure 4.6 Electron diffusion between bins (i) and (i+l). 

the diffusion current is expressed with equations 4. 7 and 4.8 as: 

dn 
J ndiff = qDn dx (4.9) 

The derivative of the carrier density in finite arithmetic can be expressed 

by the forward difference formula as: 

where the denominator is the average of the bin widths. Substituting 

equation 4.10 into 4.9, the diffusion current can be rewritten as: 

[ 
2Dn ] [ 2Dn ] 

Jndiff = q dx · + dx· ni+l -q dx· + d . ni . 1+1 l l+l Xl (4.11) 

By inspection of equation 4.11 and from the definition of diffusion current 

(eqns. 4.5 and 4.6), the first term is the reverse diffusion current (eqn. 4.6) 

and the second term is the forward diffusion current (eqn. 4.5). The 

expressions in brackets are interpreted as the effective diffusion "veloci-
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ties" for discrete problems. For arbitrary carrier density gradients, the 

term in the brackets must be limited by the maximum diffusion veloci

ties, vndiff-m ax and vpdiff-max , defined in equations 3.25 and 3.26. For dis

crete problems the dxi 's are fixed during any particular solution; there

fore, a limit is imposed on the diffusion constants for electrons and holes 

given by: 

(4.12) 

(4.13) 

If one were to mistakenly ignore the limits of equations 4.12 and 

4.13 the calculation of the diffusion current between two adjacent bins 

can be significantly overestimated. For example, let a 2 micron p-i-n PD 

be equally divided into 200 bins, resulting in a bin width of 1.0 x 10-6 cm. 

At a position in the PD where the electric field is 10 kV/cm, the electron 

drift velocity is (eqn. 3.16) approximately 1.3 x 107 cm/s. The electron dif

fusion constant at 10 kV/cm is estimated (eqn. 3.22) to be 150 c m2Ns. The 

maximum diffusion constant allowed (eqn. 4.12)is 13cm2Ns, assuming 

the maximum diffusion velocity is equal to the drift velocity in the bin. 

Therefore if one were to ignore the limitations on the diffusion constant 

imposed by equation 4.12, the diffusion current between bins would be 

overestimated by a factor of 150/13 or greater than 11 times . Bin widths of 

10-1 cm are desired to improve numerical accuracy and so could result in 

an overestimation in the diffusion current by over 100 times. 

For the purposes of this study, the maximum diffusion velocities 

(eqns. 4.12 and 4.13) will be set equal to the saturated drift velocities. 
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Carrier diffusion will be carried out through the calculation of diffusion 

current (eqn. 4.11) with a corresponding expression for holes. An expres

sion similar to one used for calculating the drift carrier movement (eqn. 

4.4) is used to calculate the diffusion carrier movement during Llt. This 

is believed to be the first time that the diffusion constants and hence the 

diffusion currents have been limited by physical considerations when 

finding the numerical solution of drift-diffusion problems. 

Calculations of Output Current 

The current, being the externally measured quantity, is calculated 

from equation (3. 7) as: 

(4.14) 

where x 1=0 and x2=W are points for the device in figure 3.1. The third 

term in the integral is the displacement current. If the load resistance is 

neglected for the device in figure 3.1, the displacement term is zero due to 

the constant-voltage conditions between the ohmic contacts. For a real 

device this is not the case since a 50 Q resistive load exists for the frequen

cies of interest here . However, to distinguish between internal and exter

nal PD nonlinear mechanisms, the load resistance will normally be 

excluded. Any additional nonlinearities caused by the load resistance 

will be discussed in Chapters V and VIII. 

To achieve greater than 140 dB of dynamic range for computing PD 

harmonics, the current needs to be calculated with seven significant dig

its. The representation of a real number as an IEEE 32-bit (single preci

sion) number is unsuitable since the number only has approximately 
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seven significant digits and each numerical operation may reduce the 

precision. This level of accuracy therefore requires 64-bit computation. 

A Linear Approximation for the Gaussian 

The solution to the transport equations (eqns 3.2 to 3.4), in one

spatial-dimension requires a 1-D approximation for the Gaussian distri

bution of the generated carriers . If the problem was linear, the radius of 

the corresponding approximating 1-D function would not affect the calcu

lated current, so long as the total incident power remains the same. The 

situation is more complicated for nonlinear problems. By approximating 

the Gaussian radial intensity (I) with a constant value out to some radius 

r 0 , the approximating intensity near the center of the Gaussian is lower 

than the actual intensity while the approximating intensity at r 
O 

is 

greater than the actual intensity. If the approximating radius r 
O 

is too 

small, the device NL will be overestimated and vice versa. 

Often the effective radius of the Gaussian is chosen16 to be the e-2 

radius as shown in figure 4.7. As can see from the figure, about the 

same amount of the Gaussian intensity is above the linear function as 

below. The choice of the e-2 approximating radius is derived from the 

effective area equation which is the square of the integral of the intensity 

divided by the integral of the intensity squared, both integrated from r = 0 

tor = infinity. For effects which are linearly related to the intensity, this 

is a good approximation, however the NL here are proportional to higher 

powers of the intensity, therefore requiring a smaller effective spot size. 

For example, Raman processes, where the Raman gain is propor-

13/2) th • 1 • t • · tional to the electric field cubed ( , use e e m ensity spot size as the 

effective spot size. 17 This is shown in figure 4•8 where 1312 is plotted with 
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Figure 4. 7 Intensity versus normalized radius for a Gaussian and the 

approximating 1-D function. Both functions yield the same total power. 
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the e-1 and e-2 intensity approximations . If the e-2 approximation is used 

(figure 4.8) an underestimation of the Raman gain results since the 

Gaussian function is higher than the approximating function over most 

of the e-2 radius. Since the nonlinear effects under investigation have not 

been studied extensively, the effective spot size will be an adjustable 

parameter in the simulations so long as reasonable results are obtained 

with values in the range 0.5 to 0.8 times the actual e-2 intensity spot size. 

Carrier Spreading Approximation for the p-lnGaAs Contact 

For diffraction limited focusing of the optical beam, the generation 

of carriers within a PD may take place within dimensions as small as the 

wavelength. For generation in the intrinsic region, an approximation 

was made in the previous section for the radius of the generated carrier 

distribution based on the incident spot size. However, for generation in 

the p-region, the approximating radius must be modified to account for 

the large number of majority carriers (holes) available for transport. 

The number of holes generated in the p-region is usually small 

(1016 to 1011 cm-3) compared to the number of free holes available for 

transport (10 19 c m-3). Therefore, the p-region hole distribution is essen

tially unchanged with the presence of light. The current in the (unde

pleted) p-region is proportional to the electric field and the area corre

sponding to the approximating function. Therefore, if the intrinsic 

region approximating radius is used to calculate the p-region current 

instead of the physical diameter, significant electric field over

estimations result. For example, let a 5-µm e-2 intensity optical beam be 

incident on a PD with a 1.0-µm long p-region having a 35 µ.m physical 
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diameter. If an approximating r adius of 3 µm (60%) is utilized through

out the 1.0 µm cap layer instead of the 35 µm physical diameter, the elec

tric field and hence the series resistance in this region would be overesti

mated by 135 times (the ratio of the two areas) . The over-estimated elec

tric field will thus cause the p-region generated electrons (minority carri

ers) to have a velocity 135 times greater than their actual velocity. 

Therefore, to account for the large number of available holes in the p

region, an expansion function will be used to model the hole distribution 

just inside the p-i interface. 

One approximating function is plotted in figure 4 .9. The approxi

mating diameter (see pg. 45) for the incident Gaussian beam is utilized 

for th e beam diameter in the intrinsic region up to the edge of the deple

tion region. From the edge of the depletion region to the p-contact, where 
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Figure 4.9 Beam diameter versus position for estimating the hole 

spreading in the p-region. 
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the injected hole density into the p-region is negligible compared to the 

majority carrier density, the approximating beam diameter is the physi

cal diameter of the p-region. This function best describes the actual 

transport into the contact since the junction is abrupt (an assumption) 

resulting in a sharp transition between the depleted i-region and the 

undepleted p-region. However, the use of this beam diameter function 

leads to a large discontinuity in the calculated current between these two 

regions, even when bin widths of a few Angstroms are used. 

When the beam diameter for holes was not allowed to change by 

more than 20% from bin to bin to minimize discontinuities, the error 

incurred in the calculated current (de conditions) near the p-i interface 

was observed to fall below 2% in any particular bin. Figure 4.10 shows an 

example of this type of approximating function for a 35 µm diameter PD 

consisting of a 1.0 µm p-type cap layer. The holes traveling from the 
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Figure 4.10 Beam diameter versus position for estimating the hole 

spreading in the p-region. 



intrinsic region to the p-region are allowed to expand from their gen er

ated diameter, 4.2 µm for this example, to the 35 µm physical diameter. 

The electric field remains high just inside the p-i interface due to the 

depletion depth into the p-region, so little spreading is allowed from 1.0 to 

0.995 µm. After 0.995 µm, the electric field quickly decreases to below 10 

V/cm, therefore the beam width is allowed to expand in this r egion. The 

expansion takes place in about 5 nm, derived from an estimate of the 

depletion depth (1-2 nm) plus a few nm to allow for hole diffusion into the 

intrinsic region. 

The electron beam diameter will be adjusted to have the same beam 

diameter as the holes; however, the electron tr avels in the opposite direc

tion and will be focusing into the intrinsic r egion. This is certainly not 

valid for any real device since a radial electric field does not exist to focus 

the carriers into the intrinsic region. However, the injected electron den

sities will be very low, since most electrons recombine before reaching the 

intrinsic region. Furthermore, for electrons that reach the intrinsic 

region, the increase in density caused by the artificial focusing will be 

small compared to the generated electron densities in the intrinsic 

region . The electrons flowing out of the p-type cap layer cannot be 

neglected since they may contribute to the PD nonlinearities because they 

move in a region where the carrier velocities can change with increasing 

carrier densities. 

Numerical Tests 

To test the validity of the numerical techniques utilized here, a few 

test simulations will be carried out in this section which can be verified 

by easily obtained analytical results. The following results are obtained 
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with the algorithm, written in FORTRAN, from a PD that will be mod

eled and studied extensively in the next two chapters, a mesa type p-i-n 

PD. The device consists of a 1.0-µm long p-GainAs contact layer (N ~ 
a 

7xl018 cm-3), a 0.95-µm long n-GainAs intrinsic layer (Nd~ 5x1015 cm-3), 

and an n-InP buffer layer (Nd~ 2x10 17 cm-3). Additional properties of this 

device can be found in Chapter VI. 

For the first test, the PD will be reversed biased (all efficient p-i-n 

PDs are reversed biased) with -5 V and operated under dark (Gen= O and 

with no thermal generation) conditions. The total current should be very 

small through the device, governed only by the injected minority carrier 

density at the contacts which is quite small due to the high doping densi

ties. Figure 4.11 shows the simulated PD carrier densities and electric 

field under the conditions where the diffusion from each ohmic contact of 

the device is observed along with a sudden change in the carrier densities 

near the edges of the intrinsic region due to the sudden increase in car-

10 19 .,,..._.,........,....,.._...'""'""T ............... ,....T"'T,rr"'T"'T"T"TT"""rrri~--rT'l fiJ 
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Figure 4.11 Carrier densities and electric field under dark conditions. 
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rier velocity from the high electric field. 

The figure also shows the diffusion of carriers from their nominal 

values in the highly-doped layers into the depletion region as nearly 

straight lines (on a log scale) representing an exponential behavior of the 

carrier density near the edge of the depletion region. The figure also 

shows that the electric field rapidly increases near the edges of the intrin

sic region and is approximately equal to zero in the contact layers. The 

slope of the electric field in the intrinsic region agrees with Gauss's Law 

where the change in the electric field is proportional to the ionized 

dopants in the intrinsic region having a density of 5 x 1015 c m-3. The total 

current out of the modeled PD in figure 4.11 was less than 10-10 amps 

which demonstrates the degree of equality of the drift and diffusion cur

rent components near the edges of the depletion region. 

In a second test, the ideal transit time response is used to check the 

algorithm output. The output can be compared to the analytical solution 

of an ideal PD depicted in figure 4.12, where a O.95-µm long intrinsic 

region lies between metal plates and constant illumination is assumed 

instantaneously over the intrinsic region. The carriers drift across the 

intrinsic region with their saturated velocities and into the plates, where 

they instantly recombine . Therefore, the drift currents at any given time 

are calculated from equation 4.14 and are given by: 

Vpsat(tp - t) 

J qpc V psatdx ' 
0 

(4.15) 

where ~and\ are the electron and hole transit times respectively and nc 

and Pc are the electron and hole instantaneous carrier densities . This 

reduces to the triangular responses shown in the first column of figure 



Constant Illumination 

n,p 

X 

n 

No Back 
Diffusion 

X 

p 

No Back 
Diffusion 

X 

J 

t 
tn tp 

53 

n(O) = p(O) 
at 

t=O 

n(t 0 ) 

at 
t = to 

p(to) 
at 

t = t 0 

Currents 
Versus 
Time 

Exponential Illumination 

n,p 

X 

n 
No Back 
Diffusion 

X 

p 

Diffusion 

X 

J 

t 
tn tp 

Figure 4.12 Carrier densities and transit time currents for constant and 

exponential illumination. In all cases, no carrier diffusion is assumed. 

4.12 and expressed as: 

(4.16) 

where the first term is the electron contribution and the second term is 

the hole contribution to the total current. 

Since real devices absorb light and generate carriers with an expo-
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nential dependence, the triangular transit-time responses are replaced 

by exponential responses as shown in the second column of figure 4.12. 

Note that for both illumination conditions, the ratio of electron to hole 

current at t = 0 is given by the ratio of saturated drift velocities and is 

equal to 1.15. However, the electron current decreases more rapidly than 

the hole current just after t = 0 since more electrons than holes exit the 

intrinsic region sooner due to then-side illumination conditions depicted 

here. For holes, the transit-time response is obtained from equation 4.14 

and is given as: 

Ypsat(tµ - t) 

J qppe- cxxv psatdx ' 
0 

where p is the peak hole density. Equation 4.17 simplifies to: p 

(4.17) 

(4.18) 

The electron transit-time response is similarly obtained from equation 

4.14 and simplifies to give: 

(4.19) 

where n = p is the peak electron density. Equations 4.18 and 4.19 are 
p p 

plotted in the lower right hand curve of figure 4.12. 

The simulated currents from the intrinsic region (that is the com

parison of interest) of the PD under test are shown in figure 4.13 with the 

calculated results from equations 4.18 and 4.19. The model PD was 

pulsed from dark conditions at t = 0, with a flat pulse oflight from t = o t.o 

t == 10-15 s . It can clearly be seen that the hole and electron currents follow 
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Figure 4.13 Simulated and analytical impulse response of the test 

diode. Analytical results based on equations 4.20 and 4.21. 

the relationships of equation 4.18 and 4.19 except for the small tails near 

the respective carrier transit times . The tails are a result of the diffusion 

of carriers during transit in the opposite direction of the drift motion 
' 

which was neglected in the analysis leading to equations 4.18 and 4.19. 

The high density gradient causes a small portion of the carriers to 

remain in the intrinsic region for many multiples of the transit time 
' 

although the associated current is small compared to the total current. 

An example of the transit time response when the diffusion velocity limi

tations formulated here and in Chapter III are not implemented is plot

ted in figure 4.14. Although the overall shape of the transit time response 

is accurate, the noise due to the oscillating hole densities in the p-contact 

cause the current to oscillate. 

To test the simulation under steady-state conditions, a constant 

photocarrier generation rate equivalent to 50 µA of average PD current is 
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Figure 4.14 Simulated impulse response of the model PD. Modeled 

with and without restrictions on the carrier diffusion velocities. 

used. The carrier densities and electric field are plotted in figure 4.15 

and are computed until the total current reaches a steady-state (1 part in 

106
). Figure 4.15 shows the diffusion of electrons into the p-contact as 

well as a slight dip in the electron density just before the electrons enter 

the n-contact due to the increase in electron velocity at electric fields 

below 20 kV/cm. The hole density is higher near the p-InGaAs contact 

since holes flow to the left in the figure. The effect of the heterojunction is 

clearly seen at X = 1.95 µm for holes since here it was assumed that the 

hole could not travel over the 0.5 e V heterojunction barrier, hence a very 

low hole density for x greater than 1.95 µm. 

Although the previous tests are not absolute proof that the numeri

cal simulations are working properly, the ultimate test of the utility of the 

program will be the accuracy at which it provides results which agree 
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Figure 4.15 Carrier densities and electric field under steady-state 

conditions. Average PD current= 50 µA. Applied voltage= -5 V. 

with the experiments of the next three chapters. Although some error is 

expected from the assumptions made here such as the carrier spreading 

in the p-contact, if results are in close agreement with experiment, alter

ations to the physical characteristics of the model PD will be made to 

investigate the origin(s) of PD nonlinearities. 

To simulate PD nonlinearities at all voltages, the model diode is 

excited with a constant photocarrier generation function until the cur

rent reaches a steady state (1 part in 106) at which time a sinusoidal sig

nal stimulates the device for a number of wavelengths. For Hanning or 

Hamming windows, only a single wavelength is necessary; however, 

these windows have very low off-peak rejection, resulting in false calcula

tions of actual signal NL caused by leakage into the main lobe of the FFT 

filter. To ensure minimal leakage, a Blackman window19 is used. The 
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passband rejection of the Blackman window surpasses many other win

dow functions providing 60 to 80 dB of stop-band rejection and nulls that 

are wider than other window functions. Also, the rejection increases if 

one operates at integer multiples of the sampling period . The main 

drawback of this style of window is that the width of the main FFT lobe 

requires at least three or four full wavelengths for greater than 100 dB 

rejection of the fundamental frequency at the second harmonic, which 

requires additional simulation time. 

As discussed earlier, to achieve greater than 100 dB FFT dynamic 

range, not only does the current need to be calculated in 64 bit math, but a 

64-bit FFT is needed as well. A single-precision FFT routine20 was 

rewritten for double-precision use. Additionally, since no external capac

itor circuit was included in the simulated diode, instantaneous changes 

in current creates aliasing from high frequency components in the simu

lated output, and so a digital pre-filter is required to ensure accurate FFT 

results . The FFT, windowing, and digital filter programs provide 

approximately 115, 125, and 133 dBc of second, third, and fourth har

monic dynamic range, respectively. 

To accurately model these devices, as many diode bins as possible 

would be desirable; however, computation time considerations will limit 

the number of bins simulated. 384 bins were chosen since it is a multiple 

of 128 and 64 which allows efficient full-vector-length vectorization on the 

three vector computers used throughout this study, while yielding suffi

cient accuracy as will be evident from the results in Chapter V. The 

main computer utilized in this work, a Convex C-382O, has a vector 

length of 128 and offers 125 MFlops peak per-processor double precision 
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(IEEE 64 bit) performance. Highly vectorized and efficient a lgorithm s 

achieve almost 50% efficiency on vector m a chines; thi s algorith m 

obtained an estimated 40% efficiency (50 MFlops). Some computing time 

was also obtained on two other vector computer s both of which have vec

tor lengths of 64. For this algorithm, a Cray YMP-EL yielded 10 _ 15 

MFlops of 64-bit performance, and a Cray YMP-C90 yielded 100 - 150 

MFlops of 64-bit performance with this algorithm, both about 40-45% of 

their peak per-processor performances. Several scaler personal comput

ers were tested for their throughput with this algorithm and it was found 

that the Macintosh Quadra 950 (33 MHz Motorola 68040) and an IBM 

clone (50 MHz Intel 486) both achieved about 1.5 MFlops of performance. 

The program requires approximately 1 hour of CPU time per 4 ns (384 

bins) of simulation time on a 10 MFlop throughput machine. An estima

tion of the computer time required to calculate the harmonic content ver

sus average PD current for five different currents at a fundamental fre

quency of 1 GHz, requires about six to eight full wavelengths of time out

put to achieve greater than 100 dB FFT dynamic range. Eight wave

lengths multiplied by five power levels equals 40 ns of simulation time or 

about 10 hours of CPU time on a 10 MFlop machine or equivalently fJ7 

hours on a 50 MHz Intel 486 machine. The total number of floating point 

operations (MFlops) used throughout this study for program debugging 

and production simulations equates to approximately 360,000,000 MFlops . 

This is equivalent to 99 years of computer time on a Digital Equipment 

VAX 11/780 (1980) and 569 years of computer time on a IBM 8 MHz 286 

0985). 
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V. DETERMINATION OF DOMINANT NONLINEAR MECHANISMS 

Introduction 

In this chapter, p-i-n photodiode (PD) nonlinearities (NL) are inves

tigated to determine the dominant nonlinear mechanisms for various 

regions of applied PD voltage and frequency. The basic device structure 

under investigation in this chapter is a single-heterostructurel mesa

type device with a 0.95-µm long intrinsic region. This chapter will only 

analyze a subset of the measurement and simulation data obtained on 

this device to study the basic nonlinear behavior of p-i-n PDs. Additional 

information for this device can be found in Chapter VI. 

Determination of the device parameters which dictate PD NL is an 

immense problem due to the numerous mechanisms (Chapter III) 

which result in nonlinear behavior. However, significant insight into PD 

NL can be obtained from the vast amount of available measurement data 

of PD harmonic distortion by dissection versus applied voltage and fre

quency. For example, figures 5.1, 5.2, 5.3, and 5.4 show the NL of the PD 

operating at 1 mA of average PD current with a modulation depth of 100% 

at frequencies of 100 MHz, 1 GHz, 5 GHz, and 10 GHz, respectively, 

where several trends are observed: 

1) Above a given applied voltage, which depends on frequency, the NL 

content is nearly independent of voltage. 

2) The minimum value of the second harmonic (-92, -88, -87 , and -92 

dBm at 100 MHz, 1 GHz, 5 GHz, and 10 GHz, respectively) at high applied 

voltages is nearly independent of frequency. 

3) The trends of the third and fourth harmonics at higher applied volt-
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ages are very similar for 100 MHz, 1 GHz, and 5 GH z (10 GHz third and 

fourth harmonics are above the spectrum analyzer frequency range) . 

4) A peak in the NL output occurs a t an applied voltage where the funda

mental power is within 1 to 2 dB of its value at high applied voltages . 

NL effects which have significant frequency dependence are due to 

transit-time (dynamic) effects. 2,3 The frequency dependence of transit

time effects has been analyzed by Hayes and Persechini3 who find that 

the second harmonic should decrease by -20 dB per-frequency-decade. 

The frequency dependence in the NL can be related to the change in 

transit-time delay imposed by different carrier velocities compared to the 

period of the signal. The analysis presented in reference [3] accurately 

describes the PD NL data in figures 5.1 to 5.4 only in the region of applied 

voltages from -3 to -5 V, where significant frequency dependence in the 

NL exists . At higher applied voltages, the NL is nearly independent of 

frequency. Later in this chapter, simulations at-5 V and 5 GHz will sug

gest that the NL is a result of, not just the electric-field-dependent elec

tron velocity as reference [3] assumes in their analysis, but it also 

includes a significant contribution from the electric field dependence of 

the holes and from the absorption of carriers in the p-region. 

The results from reference [3] do not predict device NL behavior 

above -10 V, since the NL is essentially independent of voltage and fre

quency. Harmonic levels which are independent of frequency are usually 

assumed to arise from static nonlinearities3 in contrast to transit time 

nonlinearities. An investigation into these NL at high electric fields, 

which dominate practical systems will be analyzed in this chapter to 

determine their true origin. 



The "window" provided by the voltage and frequency dependence of 

the nonlinearities will be used to examine and separate the various non

linear mechanisms . For the purposes here, the nonlinearities at 1 and 5 

GHz will be simulated at applied voltages of -5, -10 and -15 V. At -5 V, the 

second harmonic of both frequencies is decreasing with increasing (neg

ative) voltage. At -10 V, the second harmonic of 1 GHz has been at its 

minimum for several Volts and the second harmonic of 5 GHz has just 

reached the transition between the decreasing portion of the curve and 

the region where the second harmonic remains unchanged. At -15 V 
' 

the second harmonic of both frequencies have been at their respective 

minimums for several Volts . The following study will begin by fitting the 

modeled PD NL to the measurement data at -5 V. After good agreement 

is obtained, the various nonlinear mechanisms will be altered or 

removed to determine which mechanism(s) dictate PD nonlinear behav

ior. The study will continue at -10 and -15 V to describe the behavior 

observed in the data from figures 4.1 to 4.4. 

Five Volt Measurements and Simulations 

To study the dependence of the generated harmonics with incident 

optical power, the phase-locked lasers in figure 2.1 are adjusted such that 

they have equal amplitude and that their polarizations are aligned to 

yield a 100% modulation depth. Since the lasers do not generate frequen

cies at multiples (harmonics) of the fundamental frequency f, the mea

surement of the PD nonlinearities is obtained by simply measuring the 

harmonic power at the frequencies 2f, 3f, and etc. Measurements of the 

second and third harmonics are usually enough for most systems appli-



cations and the intermodulation products can, in some instances, be 

derived from the third harmonic. Measuring and simulating terms up 

to order four will increase our confidence in the third harmonic results. 

The measurement data for the 0.95 µm device at frequencies of 1 

and 5 GHz are plotted in figures 5.5 and 5.6, respectively. The modula

tion depth is 100%, the applied voltage is -5 V, and the device is fiber pig

tailed, so the estimated e-2 incident spot size is 10 µm. From figures 5.5 

and 5.6, two main tendencies for this device are observed. For a given 

average optical power (or, equivalently, average current), the harmonic 

power increases as the frequency increases. For example, at 1 mA, the 

second harmonic increases from -80 dBm to -65 dBm as the frequency 

increases from 1 GHz to 5 GHz. The second tendency is the deviation 

from power-law growth of the harmonic power as the average PD current 
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10 

increases to 1 mA and beyond, being slightly more noticeable in the 1 

GHz case. 

First, a fit to the 5 GHz data (figure 5.6) was attempted with the 

simulation program, where at this time, only the hole mobility and simu

lation spot size were adjustable parameters. Since the electric field is 

below 20 kV/cm near then-contact (figure 4.13), a change in the hole 

mobility or incident spot size should have the greatest effect on the simu

lated nonlinearities because the hole velocity does not saturate for electric 

fields of20kV/cm unless the hole mobility is greater than 400cm2Ns and 

the carrier densities are directly proportional to the spot size. The simu

lated results for hole mobilities of 200, 230, and 260 c m2/Vs with a spot 

size of 5.0 µm is shown in figure 5. 7. The simulated data shows that 

while the second harmonic data is slightly underestimated, the third and 
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10 

fourth harmonics are overestimated. Figure 5.8 plots the simulation 

results with a slightly larger spot size of 6.0 µm with the same three hole 

mobilities. Note that now, the second and third harmonics are slightly 

underestimated and the fourth harmonic is still overestimated. From 

the trends of figures 5.7 and 5.8, increasing the spot size to 7.0 µm and 

decreasing the hole mobility should yield better fits to the measured data. 

The simulated data for hole mobilities of 100,150, and 200cm2Ns with a 

spot size of 7.0 µm is shown in figure 5.9. Here the simulated data for the 

second and third harmonics, with a hole mobility of 150 cm2Ns, fits quite 

well to the experimental data, while the fourth harmonic is still slightly 

overestimated. Although the best fit hole mobility is about 1/2 that of a 

measured sample4 of InGaAs, it is not so unrealistic, since measured 

values of electron mobility4 for InGaAs also vary by 50% depending on the 
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particular measurement sample. Additionally, the electric field depen

dence of the hole velocity for electric fields below 50 kV/cm is not well 

known and was only estimated in the formulation of equation 3 .17. 

In Chapter III, it was shown that nonlinear continuity equations 

result when the carrier velocities are functions of the generated carrier 

densities . A space-charge electric field (equation 3.35) can explain the 

existence of a nonlinearity, if the space-charge field is high enough to 

perturb the dark electric field (equation 3.34). The resulting change in 

carrier velocities cause nonlinearities measured as harmonics in the PD 

output. Since the electric field in the intrinsic region (see figure 4.13) is 

not high enough (10 to 20 kV/cm with -5 V applied voltage) to saturate the 

hole or electron velocities near the n-contact, a photogenerated space

charge electric field will cause a change in the carrier velocities. To ver

ify that other nonlinear mechanisms are less important at this bias volt

age, the simulation parameters yielding the best results in figure 5.9 are 

used in several additional simulations where the other nonlinear mecha

nisms are modified or removed. 

The additional simulations consider: 1) the electron mobility, 2) 

recombination times in the intrinsic region, 3) reduction in the low-field 

mobility due to scattering, 4) absorption in the p-region, and 5) the addi

tion of a 50.Q load resistor. A longer recombination time in the intrinsic 

region reduces the contribution from the recombination term in the conti

nuity equations, while neglecting scattering and p-region absorption 

removes these nonlinear terms completely. The addition of a 50.Q load 

resistor will add to the NL by lowering the applied potential due to cur

rent flow through the load resistance . This modifies the internal electric 
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field and hence the carrier velocities. A change in the electron mobility 

should not cause a change in the NL, even though the electron may con

tribute significantly to the overall NL, since the velocity dependence ver

sus electric field above 20 kV/cm is a weak function of the electron mobil

ity as can be seen in figure 3.3. 

The simulation parameters for the best-fit results of figure 5.9 are 

utilized with the above five modifications. The nonlinear mechanisms 

are changed one at a time to compare their relative contributions to the 

total device NL, with the results plotted in figure 5.10. The simulation 

results in figure 5.10 were obtained by reducing the electron mobility 40% 

to 6,000 cm2/Vs, neglecting mobility reduction (scattering), neglecting 

absorption in the p-region, increasing the recombination time in the 

intrinsic region from 2 ns to 2 µs, and adding a 50.Q load resistance to the 
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PD output circuit. As can be seen, little change in the simulated NL 

results from varying these additional nonlinear mechanisms . There

fore, we conclude that the NL is most sensitive to the hole mobility and 

the spot size at this particular applied bias . 

In Chapter III the NL was assumed to arrive from the existence of 

a space-charge electric field causing a carrier density dependence in the 

carrier velocities. To obtain the relative size of the space-charge electric 

field compared to the dark electric field, the simulated diode was illumi

nated with a constant level of light equivalent to 0, 100, and 1000 µA of 

current with a constant spot size of 7.0 µm . The space-charge electric 

fields at 100 and 1000 µA are simply the difference between the electric 

field at 0 µA and their respective high-current electric fields. These 

resulting space-charge fields (figure 5.11) can be significant, as much as 

10% of the highest electric field under dark conditions. The space-charge 

electric field in figure 5.11 will therefore modify the carrier velocities 

according to their electric field dependence (equations 3.16 and 3.17). 

The change in hole and electron velocities at 100 and 1000 µA from 

the space-charge electric field (figure 5.11) is plotted in figure 5.12. A sig

nificant change in both the hole and electron velocities occurs at 1000 µA, 

suggesting that the NL output has contributions from both carriers at 

this applied voltage. However, as mentioned before, the sensitivity to the 

exact electron mobility in the simulated results is weak, as demonstrated 

by the simulation in figure 5.10, even though the electron contribution to 

the total NL may be significant. 

Previous work2 has speculated that the load resistance may be the 

main contributor to the overall NL however, the results in figure 5.10 
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Figure 5.11 The space-charge electric fi eld in the intrinsic 

region due to the photogenerated carriers. Spot size= 7.0 µm. 

Applied voltage= -5 V. µ = 150 cm2Ns. µ = 10,000 cm2/Vs . 
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Figure 5.12 The change in carrier velocities in the intrinsic region 

due to the space-charge fields in figure 5.11. Spot size= 7.0 µm. 

Applied voltage= -5 V. µ = 150 cm2Ns . µ = 10,000 cm2/Vs. 
p n 
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seem to contradict this result. The underlying reason for the insen sitiv

ity in the NL output with the presence of a load resistance is apparent 

from the space-charge electric field data in figure 5.11. A load current of 

1 mA through ron results in a 50 m V potential drop which causes a 0.5 

kV/cm internal electric field decrease throughout a 0.95-µm long intrin

sic region. This electric field change is a t least an order of ma gnitude 

less than the space-charge electric field (figure 5.11) at the same current. 

Therefore, it appears that the electric fi eld change as a result of and 

external 50Q resistance should not contribute significantly to the overall 

NL output. This effect however, may become more important in devices 

with 0.1 to 0.2 µm intrinsic region lengths or larger incident spot sizes 

because, for the same load current, the internal electric field change 1s 

inversely proportional to the length and independent of spot size. 

The highest percentage change in the carrier velocities due to the 

space-charge electric field (figure 5.11) occurs near then-contact, where 

the electric field is the lowest. A lower hole mobility increases the sensi

tivity to the space-charge field when the total electric field is below 50 

kV/cm. At -5 V or lower applied voltages, the NL sensitivity will then be 

additionally dependent on the doping level in the intrinsic region as well 

as the intrinsic region length. This prediction is confirmed5 and is 

understood because the electric field near then-contact would be lower if 

the intrinsic region length were slightly longer or if the doping density in 

the intrinsic region was slightly higher. 

Shifting to 1 GHz, simulations with hole mobilities of 150 and 175 

cm2Ns and a simulation spot size of 7 µm, similar to the best-fit simula

tion parameters utilized in figure 5.9, are plotted in figure 5.13. With the 
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Figure 5.13 Measured and simulated harmonic power vs average PD 

current at 1 GHz. Applied voltage = -5 V. Fiber pigtailed. 

µ = 150 and 175 cm2Ns. Simulated spot size = 7.0 µm. p 

exception of the second harmonic, the simulated data fits quite well to the 

measured data. The discrepancy in the second harmonic will be reexam

ined after simulations and fits to the -10 V NL data. 

Ten Volt Measurements and Simulations 

Measurements at higher applied voltages and hence higher elec

tric fields should lower the NL dependence on the exact hole mobility of 

the device, since the hole velocity nearly saturates for electric fields above 

50 kV/cm. Higher electric fields thus result in smaller changes in the 

hole velocity for a given change in the internal electric field. A -10 V 

reverse bias will increase the electric field by approximately 50 kV/cm 

over the entire intrinsic region which should be sufficient to saturate the 

hole velocity given the hole mobility is above 150 cm2Ns . The electric field 

at 100 µA with -10 V applied voltage is plotted in figure 5.14, where the 
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Figure 5.14 Intrinsic region electric field for an intrinsic region 

doping density of 5.0 x 1015 cm-3. Diode applied voltage= -10 V. 

electric field is seen to be above 70 kV/cm over the entire intrinsic region. 

The measured PD NL at frequencies of 1 and 5 GHz are shown in 

figures 5.15 and 5.16, respectively. Several differences are observed 

between the -10 V data (figures 5.15 and 5.16) and the -5 V data (figures 

5.5 and 5.6). The individual NL components are 10 to 20 dB lower as 

expected from the higher electric fields which result in a nearly satu

rated hole velocity. The frequency dependence is also reduced substan

tially, for example, the increase in second harmonic at 1 mA between the 

two frequencies is 15 dB at -5 V applied bias voltage, but reduces to 3 dB at 

-10 V. Note also that compared to the -5 V data, the -10 V nonlinearities 

resemble traditional power-law behaviors. 

Recall from figures 5.2 and 5.3 that at-10 V applied PD voltage the 1 

GHz second harmonic no longer decreases with increasing voltage while 
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incident optical power at 5 GHz. Applied voltage= -10 V. Fiber 

pigtailed. 40 and 60 dB per decade tendancies included . 
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the 5 GHz second harmonic has just reached its minimum. Simulations 

at -10 V applied PD voltage will be used to classify these two regions of 

nonlinear behavior. Figure 5.17 shows the simulated nonlinearities with 

a 7 µm simulation spot size and hole mobilities of 150 and 200 c m2/V s. 

Since the electric field in the entire intrinsic region is above 70 kV/cm 

(figure 5.14), there should not be a significant dependence on the simu

lated data with the hole mobility. However, the sensitivity to hole mobility 

in the simulated nonlinear data could be due to the NL generated in the 

highly doped p-region where the the hole velocity is unsaturated. 

The observation of residual nonlinearities at -10 V applied voltage, 

where the electric field in the intrinsic region is sufficient to approxi

mately saturate the hole velocity, is not unexpected due to the many non

linear mechanisms in the continuity equations (3.3 and 3.4). Several of 
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Figure 5.17 Measured and simulated harmonic power vs current 

at 5 GHz for hole mobilities of 150 and 200 cm2Ns. Applied 

V = -10 V. Spot size= 7 µ.m. Experimental Data from Figure 5.16. 
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these mechanisms will be investigated to determine their contribution to 

the total device NL at high applied voltages . The nonlinear mechanisms 

under consideration here are: 

1) Space charge fields which may modify the carrier velocities . 

2) Free carrier scattering which can reduce the carrier mobilities and 

possibly the carrier velocities . 

3) Carriers absorbed in the p-type cap layer (where the electric field is 

low) may contribute to the total device NL. 

4) The diffusion term in equations 3.3 and 3.4 may contain a small non

linear term due to the electric field dependence in the diffusion constant. 

5) Loading in the external circuit which may modify the carrier veloci

ties via a reduced internal electric field. 

To determine the contribution from the above nonlinear terms, the 

simulated diode is modified to produce a highly linear response. To 

accomplish this, the nonlinear mechanisms are removed or reduced 

through the following techniques . The maximum diffusion "velocities" 

(Chapter IV) may be lowered (a factor of 10 to 100 is sufficient) to reduce 

its NL contribution by resulting in a relatively field-independent diffu

sion. The fitting parameter, p (equation 3.16), in the electron velocity can 

be reduced to cause the electron velocity to be nearly constant above a) 

kV/cm. Absorption in the p-region and the mobility dependence on car

rier density can both be removed. The diode can be simulated without a 

load resistance. The simulated NL of such an "ideal" diode is shown in 

figure 5.18 for simulation spot sizes of 5, 6, and 7 µm. As one can see the 

device is very linear producing a -115 dBc second harmonic (dBc implies 

relative to the fundamental) at 115 µA limited by the FFT window and a -
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Figure 5 .18 Simulated fundamental and harmonic power versus 

detectorcurrent for an "ideal" detector at 5 GHz. Applied voltage 

= -10 V. µ = 200 cm2Ns. Simulated spot sizes of 5, 6, and 7 µm. 
p 

100 dBc second harmonic at 1 mA. The r esults above 1 mA are slightly 

worse, possibly due to the remaining small nonlinearities in carrier 

velocities or diffusion. Nevertheless, the nonlinear terms may now be 

added to quantify their relative contributions to the total device NL. 

The above five nonlinear mechanisms can be reduced to three basic 

NL sources, due to the inter-relationships between the nonlinear mecha

nisms and the carrier velocities. Space-charge electric fields and loading 

in the external circuit both modify the intrinsic region electric field, and 

thus, the electron velocity. On the other hand, carrier scattering reduces 

the carrier mobilities, thus changing the electric field dependence of the 

carrier velocities. A space-charge induced change in the hole velocity 

will be determined later to be negligible compared to the electron velocity 

change. Therefore, if the electron velocity was not a function of electric 
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field above 50 kV/cm, there would be negligible NL contribution from 

space-charge fields, scattering, or a load resistor. The other two nonlin

ear mechanisms, generation in the p-region and diffusion, are indepen

dent of the other three terms. Therefore, simulations of the ideal diode to 

determine the contribution from the five nonlinear mechanisms need 

only to consider three dominating effects: 1) diffusion, 2) the electric field 

dependent electron velocity, and 3) absorption in the p-type cap layer. 

This is accomplished by taking the ideal diode and adding the NL terms, 

one at a time to the model. 

The first nonlinear term added to the ideal diode is diffusion. The 

device NL of the simulated ideal diode with only diffusion added is shown 

in figure 5.19. There is a slight increase from the ideal diode NL of figure 

5.18, although the measured NL in the real device (see figure 5.16) are 
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Figure 5.19 Simulated harmonic power versus detector current 

for an "ideal" detector at 5 GHz including only diffusion. 

Applied voltage= -10 V. µ = 200 cm2/Vs. 
p 
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still 10 to 20 dB higher than the nonlinearities in figure 5.19. Thus, diffu

sion alone does not account for the observed NL. 

The addition of the field dependence of the electron velocity adds NL 

to the ideal diode whenever there is a space-charge electric field, mobility 

reduction due to scattering, or loading in the external circuit. The space

charge field cannot be removed from the simulation, but scattering and 

the load resistance can. Therefore the ideal diode will be modified by 

adding the electric-field-dependent electron velocity and will affect the NL 

via space-charge fields only. The simulated ideal diode NL under these 

conditions is plotted in figure 5.20, where the NL has increased by up to 

15 dB over the diffusion-only results of figure 5 .19. The simulated NL are 

now within a few dB of the experimentally observed NL in figure 5.16. 

The addition of carrier scattering (mobility reduction) or a load 
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Figure 5.20 Simulated harmonic power vs current for an "ideal" 

detector at 5 GHz including the field dependent electron velocity 

with space-charge effects. Applied V = -10 V. µ = 200 cm2/Vs 
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resistance will further modify the electric field at high PD currents . The 

simulated diode leading to the results in figure 5.20 is modified to include 

both of these additional nonlinear mechanisms and the associated data is 

plotted in figure 5.21. The results show that the device NL including scat

tering and a load resistor is about 1 dB less than that simulated diode in 

figure 5.20, which excluded these two terms. This may happen, since a 

reduction in the electron mobility can reduce the electric-field

dependence of the electron velocity4 for electric fields above 20 kV/cm. 

A plot of the space-charge electric field (figure 5.22) is identical to 

the -5 V space-charge electric field. This is expected since the intrinsic 

region carrier velocities are essentially unchanged, although the NL 

with the diode biased at -10 V is substantially reduced from the earlier -5 

V case . Since the space-charge field has not changed, the drop in the 
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Figure 5.22 The space-charge electric field in the intrinsic 

region due to the photogenerated carriers. Spot size= 7.0 µm . 

Applied voltage= -10 V. µ = 150 cm2Ns. µ = 10,000 cm2Ns. 
P n 

.. 

intrinsic region electric field associated with a fi)Q load resistance is still 

an order of magnitude less than the space-charge electric field. Thus 
' 

the relative independence of the NL in figure 5.21 on a load resistance is 

not unexpected. The NL output at -10 V applied voltage reduces as a 

result of the reduction of the electric field dependence of the carrier veloc

ities at high electric fields. The resulting carrier velocity changes are 

plotted in figure 5.23. Notice that the hole velocity change is almost negli

gible, as it should be since the hole velocity saturates quickly above 50 

kV/cm. The electron velocity change is also reduced by a factor of ten 

from the results at -5 V applied voltage which results in the overall 

decrease in the device NL. 

The third nonlinear mechanism under investigation is the addi

tion of absorption in the p-region. This adds to the NL of the ideal diode by 
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Figure 5.23 The change in carrier velocities in the intrinsic 

region due to the space-charge field . Spot size = 7.0 µm. 

Applied voltage = -10 V. µP = 150 cm2Ns. µn = 10,000 cm2/V s. 

the generation and movement of carriers in a region where the carrier 

velocities are rapidly changing, even though the carriers may quickly 

recombine. The simulation results of the ideal diode, modified to include 

p-region absorption, are plotted in figure 5.24. The nonlinearities in fig

ure 5.24 are approximately 20 dB higher that those obtained when the 

model diode includes all the nonlinear mechanisms. This over-

estimation of the device NL is the result of neglecting mobility reduction 

and diffusion, since the inclusion of these terms contribute to the carrier 

movement in the p-region. For example, the electron velocity is propor

tional to the electric field (the electric field is very low so the carrier veloc

ities are equal to µE), which is related to the ratio of electron to hole veloc

ity in the p-region. When mobility reduction is not included in the simu-
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Figure 5.24 Simulated harmonic power versus detector current for 

an "ideal" detector at 5 GHz including only the p-region absorption 

nonlinearity. Applied V = -10 V. Spot sizes of 5, 6, and 7 µm. 

lation, this ratio increases by a factor of 1.8, since the electron mobility (as 

compared to the hole mobility) begins to decrease at lower carrier densi

ties. Therefore, the net result is a higher change in electron velocity 

when scattering is excluded. Enhancement or suppression of the other 

nonlinear mechanisms may also occur when more than one NL is 

included in the ideal diode simulations. Therefore, the two dominant 

terms, the electric field dependence of the electron velocity and the p

region absorption, will be further investigated by excluding each of these 

two NL from the actual device. 

The simulated results for the real diode excluding only p-region 

absorption and excluding only the electric fi eld dependence in the elec

tron velocity above 20 kV/cm are plotted in figures 5.25 and 5.26, respec

tively. Both simulations include the mobility as a function of carrier den-
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Figure 5.25 Measured and simulated harmonic power vs detector 
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sity and diffusion. From the figures it can be seen that either nonlinear

ity can account for the observed device NL, although the p-region absorp

tion NL results in a slight overestimation of the total device NL. 

The simulation program may have difficulty accurately predicting 

the NL contribution associated with the p-region absorption. The NL may 

include the contribution from electrons reaching the intrinsic region 

which, in their travel, encounter rapidly changing velocities . The den

sity of these electrons will thus have a large impact on the amount of NL. 

To account for carrier spreading (Chapter IV) in the p-region, a spread

ing function was used near the p-i interface to simulate this two

dimensional effect for the one-dimensional model. This assumption 

however resulted in an artificial focusing of p-region-generated electrons 

traveling into the intrinsic region. The total number reaching the 

intrinsic region was assumed to be small compared to the total number of 

electrons generated there. Therefore this algorithm may be overestimat

ing this NL slightly since the space-charge electric field, linked to the 

change in electron velocity, can account for the observed device NL. In 

Chapter VI, additional simulations will determine what length of unde

pleted p-region will result in the observed NL at high applied voltages. 

Simulations at 1 GHz will be used to verify the dominant nonlinear 

terms to the extent a 1-D model can accurately predict the p-region 

absorption NL. The simulation results at 1 GHz and -10 V applied voltage 

with hole mobilities of 175 and 200 c m2N s and a simulation spot size of 7 

µm, parameters which produced good results at 5 GHz, are plotted in fig

ure 5.27. Notice that at 1 GHz the simulated results do not agree well 

with the experimental data. The contribution to the NL output at 5 GHz 
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Figure 5.27 Measured and simulated harmonic power vs current 

at 1 GHz. Applied V = -10 V. Fiberpigtailed. Spot size= 7.0 µm. 

µ = 175 and 200 cm2Ns. Measurement data from figure 5.15. p 

was seen to be influenced the most by two nonlinear mechanisms: a 

space-charge-induced change in the electron velocity with increasing 

carrier densities and the absorption in the p-region. It was determined 

that the NL at 5 GHz could be explained by considering the change in the 

electron velocity, without including the p-region absorption. In fact, 

including the p-region absorption, led to an overestimation of the second 

harmonic by 10 dB at 5 GHz, similar to the results at 1 GHz (figure 5.27). 

Therefore the PD is simulated again, this time neglecting p-region 

absorption, to determine if the electron velocity NL can be used by itself to 

model the device NL at 1 GHz. The simulated results with a hole mobility 

of 200 cm2Ns and simulation spot sizes of 5 and 7 µm are plotted in fig

ure 5.28, where the NL is now 10 to 15 dB below the measurement data. A 

lower hole mobility (100 cm2Ns) may increase the overall simulated 
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Figure 5.28 Measured and simulated harmonic power vs PD 

current at 1 GHz neglecting absorption in the p-region. Applied 

V = -10 V. µP = 200 cm2Ns. Measurement data from figure 5.15. 

device NL, so the PD is simulated again (figure 5.29) without p-region 

absorption. Here again, the simulated NL is 10 to 15 dB below the mea

surement data. Therefore, the NL at 1 GHz with -10 V applied voltage is 

dominated by the p-region absorption and not the space-charge-induced 

change in the electron velocity. 

One question still remains: why does the modeled PD overestimate 

the NL at-10 V applied voltage at both frequencies of 1 and 5 GHz? From 

the modeling point of view this question may be alternately phrased as : 

What influences the NL in the p-region? The answer to this question may 

not be a simple one, however, it is reasonable to assume that: 1) the 

minority carrier lifetime in the p-region will determine the extent of 

which the carriers generated in this region will contribute to the output, 

2) the two-dimensional focusing/defocusing approximation at the p-i 
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Figure 5.29 Measured and simulated harmonic power vs PD 

current at 1 GHz neglecting absorption in the p-region. Applied 

V = -10 V. µ = 100 cm2Ns. Measurement data from figure 5.15. 
p 

10 

interface (Chapter IV) may influence the number of carriers which con-

tribute to the NL, 3) the ratio of carrier mobilities may effect the NL since 

this ratio determines the electron velocity in the p-region, and 4) the elec

tron mobility (and hence the electron velocity in the p-region) may effect 

the NL, which is influenced by the functional dependence of the reduction 

in electron mobility (equation 3.19) with increasing carrier density. 

The p-region minority carrier lifetime was assumed to be 500 ps, or 

about four times smaller than the intrinsic-region lifetime. The simu

lated NL thus far were not affected by the exact value of the lifetime, how

ever, at high electric fields, the nonlinearities are more subtle. Measure

ments6-8 of the minority carrier lifetime in InP, GaAs, and InGaAsP 

indicate that the lifetimes in these materials are in the 10 to 500 ns range 

(doping levels of 1016 c m-3) with a decrease to 0.1 to 5 ns at higher doping 



levels (mid-1O18 cm-3). The minority carrier lifetime in InGaAs has been 

measured9 at low doping levels where values of 2 to 4 ns are obtained. 

There is a lack of measurement data for p-InGaAs at high doping levels, 

however, Landis et az. 10 have measured the minority carrier lifetime in 

InP and have shown that the lifetime can be substantially different for p

and n-type material. Minority carrier lifetimes of 400 ns for n-type mate

rial and 10 ns for p-type material are measured10 with semiconductor 

material doped at mid-1O16 cm-3. Additionally, the lifetime in both n- and 

p-type materials decreases by up to two orders of magnitude at 1019 c m-3. 

Therefore the model PD will be simulated again at 1 GHz to determine 

the sensitivity of the device NL to the minority carrier lifetime. 

The simulation results are plotted in figure 5.30 with minority car

rier lifetimes of 100, 50, and 25 ps, a hole mobility of 200 cm2Ns, and a 
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Figure 5.30 Measured and simulated harmonic power vs PD current 

at 1 GHz. Applied V = -10 V. Spot size= 6.0 µm . Measurement data 

from figure 5.15. µ = 200 cm2Ns . µ = 10000 cm2/Vs . 
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simulation spot size of 6 µ.m. A minority carrier lifetime of 25 ps provides 

the best-fit to the second harmonic data. A minority carrier lifetime of 25 

psis about two orders of magnitude less than the lifetime in the intrinsic 

material.9 Although this value may be slightly low, it is consistent with 

the reductions (from their value at low doping levels) observed in other 

materials.6-8 

The minority earner lifetime is not the only parameter which 

influences the p-region absorption NL behavior. Another possible 

parameter which may influence the NL is the 2-D focusing/defocusing 

approximation made for the p-region (Chapter IV). The location of the 

focusing function may be moved closer to or further away from the intrin

sic region . The electric field decreases very rapidly just after the focal 

position due to the high level of p-region doping. Up until now, this focal 

position has been fixed at approximately 5 nm from the intrinsic region, 

where it was placed based on an estimate of the p-region depletion depth. 

Figure 5.31 shows the simulated results when the focal position is moved 

further away (12 and 19 nm) from the intrinsic region and when the focal 

position starts at the intrinsic region edge (0 nm). Moving the focal posi

tion further away causes more p-region-generated electrons to reach the 

intrinsic region due to the increased electric field penetration into the p

region, resulting in higher simulated NL. However, moving the focal 

position to the edge of the intrinsic region seems to have little additional 

effect on the simulated NL. 

The minority carrier lifetime in the p-region determines how long 

or equivalently how many electrons contribute to the NL. Another 

parameter which influences the p-region absorption nonlinear behavior 
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Figure 5.31 Measured and simulated harmonic power vs current 

at 1 GHz. Applied V = -10 V. Variable positions for hole spreading 

in the p-region. Spot size = 6.0 µm. Taup = 100 ps. µP = 200 cm2/V s. 

is the electron velocity. The electron velocity is determined by the electron 

mobility in the p-region because the electric field is below 1 kV/cm. The 

electron mobility is influenced by two parameters: the low-doping-density 

mobility µn and the scattering parameter nh (equation 3.19)which lowers 

the electron mobility at high doping levels. To determine the sensitivity 

in the simulated results to the electron mobility and the scattering 

parameter, the PD is simulated with a fixed minority carrier lifetime of 

100 ps while varying these two parameters. 

The NL for electron mobilities of 6000, 8000 and 10000 cm2Ns is 

plotted in figure 5.32. The NL for electron scattering parameters of 0.5, 1, 

and 2 x 1011 cm-3 is plotted in figure 5.33 for an electron mobility of 8000 

cm2Ns. The scattering parameter (Chapter III) was estimated from 

electrons in uncompensated n-InGaAs. 4 The p-region is composed of 
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compensated p-InGaAs. Therefore, some variation is expected due to the 

different scattering mechanisms (electron-electron and electron-hole). 

The results from figures 5.30 to 5.33 show how the various material 

parameters affect the p-region absorption nonlinearities. Although the 

exact material parameters are not known, and the spreading function 

was only an 1-D simplifying approximation, the simulation does provide 

good results for reasonable material and simulation parameters . 

Therefore the focal position will remain 5 nm away from the intrin

sic region, the p-region minority carrier lifetime will be reduced to 100 ps, 

the electron mobility will be reduced to 8000 cm2/Vs, and the electron 

scattering parameter will bereduced to0.5x 1017 cm-3 . The simulations 

at applied voltages of -5 and -10 V and frequencies of 1 and 5 GHz will be 

recalculated to verify that the simulation contains a reasonable set of 

assumptions to accurately predict device NL in regions where the space

charge electric field and the p-region absorption limit device nonlinear 

performance. 

Figures 5.34 and 5.35 show the measurement and simulated data 

at 5 and 1 GHz, respectively, at an applied voltage of -10 V. The 5 GHz 

simulation (figure 5.34) shows a slight improvement in the second har

monic fit compared to the previous simulations (figure 5.17); however, 

the simulated third harmonic now is underestimated by greater than ID 

dB compared to the previous underestimation of 10 dB. The simulated 

harmonics at 1 GHz (figure 5.35) have improved significantly over the 

previous results (figure 5.27) for both the second and third harmonics, 

with little observed change in the fourth harmonic. 

Returning to -5 Volts applied bias, figures 5.36 and 5.37 show the 
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Figure 5.34 Measured and simulated harmonic power vs current 

at 5 GHz with a hole mobility of 150 cm2Ns . Applied V = -10 V. 

Spot size = 5 and 7 µm . Experimental Data from figure 5.16. 
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voltage = -10 V. Measurement data from figure 5.15. 
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without p-region absorption. Measurement data from figure 5 .6. 
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measurement and simulated data at 5 and 1 GHz, respectively, both with 

and without p-region absorption. The 5 GHz simulation with p-region 

absorption (figure 5.36) has not changed significantly compared to the 

previous simulations (figure 5.10), and, excluding p-region absorption 

does not affect the simulated NL. Since the NL at -5 V was determined by 

a space-charge-field-induced change in the carrier velocities, the p

region absorption nonlinear mechanism does not contribute to the device 

NL at this applied bias and frequency. However, when the frequency is 

decreased to 1 GHz (figure 5.37), where the applied voltage is such that 

the NL is comprised of both mechanisms, some subtle differences are 

observed. Note additionally that the 1 GHz results at -5 V (figure 5.37) 

now agree quite well in contrast to the previous simulations (figure 5.13). 

Fifteen Volt Measurements and Simulations 

When the applied voltage is increased to -15 V, both the 1 and 5 GHz 

second harmonics have been at their minimum values for several Volts 

(figures 5.2 and 5.3). If the NL in this region of applied voltage is strictly 

the result of the p-region absorption, as was determined from the 1 GHz 

simulations at-10 V, the 5 GHz NL should now be due almost exclusively 

to the p-region absorption. The measured and simulated NL at -15 V 

with and without p-region absorption for spot sizes of 5 and 7 µm is plot

ted in figure 5.38. The NL is indeed dominated by the p-region absorp

tion, since the NL cannot be predicted (for a reasonable set of simulation 

parameters) by including only the space-charge-induced change in elec

tron velocity. 
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Figure 5.38 Measured and simulated harmonic power vs current 

at 5 GHz with and without absorption in the p-region. Applied V = 

-15 V. Spot sizes of 5 and 7 µm. Tau = 25 ps. µ = 150 cm2/V s . 
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Summary 

In this chapter, we have investigated the origins of nonlinearities 

in p-i-n PDs and have, for the first time, systematically identified which 

nonlinear mechanisms are dominant for different applied PD voltages. 

The PD intrinsic region width, excitation frequency, and incident spot 

size all influence the exact bias voltage where the transition between the 

different regimes occur. Typical results are plotted again for conve

nience in figure 5.39 (same as figure 5.3). Figure 5.39 shows these three 

regimes: 1) the space-charge-induced change in carrier velocities domi

nate the NL from the point where the fundamental power saturates (-3 

V) to the point where the NL stops decreasing (-10 V), 2) the p-region 

absorption nonlinear mechanism dominates for applied voltages greater 
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Measurement data from figure 5.3. 

than -10 V, and 3) at low voltages (< 3 V) where significant two

dimensional carrier flow and electric field redistribution (see Chapter 

VII) dominate the device NL. The knowledge obtained from the results of 

this chapter will allow device parameters such as the physical device 

diameter, intrinsic region length, and intrinsic region doping densities 

to be investigated to determine if improvements to the inherent device NL 

can be made. These issues will be covered in Chapter VIII. 
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VI. LOW POWER DENSITY NONLINEARITIES IN DIFFERENT 

p-i-n STRUCTURES 

futroduction 

This chapter will investigate p-i-n PD NL under low power density 

conditions in three devices. Low power density conditions are defined as 

power densities which generate low enough space-charge electric fields 

(eqn. 3.35) such that no part of the intrinsic region electric field (eqn. 3.32) 

collapses. Two basic device structures are under investigation here: one 

double-heterostructure1 mesa-type device with a 0.2-µm long intrinsic 

region fabricated at the University of California Santa Barbara, and two 

single-heterostructure2 mesa-type devices with 0.5 and 0.95-µm long 

intrinsic regions fabricated by GTE Laboratories. These particular 

devices were chosen because they all have bandwidths over 20 GHz and 

they cover a range of intrinsic region thicknesses. Since the devices are 

made by research groups, the layer structure and doping profile are 

available with reasonable accuracy. At the end of this chapter, data from 

several additional PDs will be presented for completeness, although these 

devices will not be modeled. 

0.95-µm Device Measurements and Simulations 

The 0.95-µm long intrinsic region device is pigtailed with a single 

mode optical fiber and yields an incident intensity e-2 spot size of approxi

mately 10 µm. The doping density versus position for the specific device 

under investigation was not available; however, data for similar devices 

was available. Although each device has slightly different characteris

tics, the doping profile is estimated from a range of available measured 
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devices, with the specific profile utilized for simulation purposes shown 

in figure 6.1. The simulated device has a 0.95-µm unintentionally-doped 

lattice-matched n-InGaAs intrinsic region grown on an InP substrate 
' 

with a 1.0-µm heavily doped p-lnGaAs cap layer. 

The bin spacing versus photodiode position is shown in figure 6.2 

for the 0.95 µm device. The bin widths were shortened near the p-i and 

the n-i interfaces to limit the change in the electric field and carrier den

sities between adjacent bins. 

The measured NL at 1 mA of average PD current plotted versus 

detector applied voltage can be found in figures 5.1 to 5.4 for 100 MHz, 1 

GHz, 5 GHz, and 10 GHz, respectively. These curves (figures 5.1 to 5.4) 

and the information they contain for determining the dominant nonlin

ear mechanisms was the focus of Chapter V. The simulation results for 

this device can also be found in Chapter V (figures 5.34 to 5.36) for fre

quencies of 1 and 5 GHz at applied voltages of -5, -10, and -15 Volts and 

10 19 ..--..--..---r--,---r--r--r--r--r--r----r----r-"""T"""""T"""""T"--r---r---r~-

n-Type InP 
> 1.95µm 

······························ r················ ··· ··· ·····\ · 

p-Type InGaAs 
0-1.0µm 

.. .................... ....... ... .... 7 ............... ........................... ....... n-Type InGaAs ........ .. . 
1.0 - 1.95 µm 

1015 L-...__.__...L-...1--...a.... ........ .....&...--L. ......... __.___.,____.____, ___ .__ ________ _, 

0.0 0.5 1.0 1.5 2.0 
Diode X Position (µm) 

Figure 6.1 Doping profile for the 0.95-µm long intrinsic region device . 
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..µ 

""O 

ti 
~ 10-7 

...... 
i:o - --!- --

10-8 ..._...._.,__._..._...._...._...,__........_ ................. __._ .......... _..____.___.___.__.___..___.--' 
0.0 0.5 1.0 1.5 2.0 

Diode X Position (µm) 

Figure 6.2 Diode bin width versus position, X, utilized in device 

simulations. 0.95-µm long intrinsic region. 

will not be repeated here. The device NL at 10 GHz, with simulation 

parameters which yielded good results at 1 and 5 GHz, are plotted in fig

ures 6.3, 6.4 and 6.5 for applied voltages of -5, -10, and -15 Volts, respec

tively. The NL in figures 6.3 to 6.5 are consistent with the results from 

Chapter V. The -10 V plot (figure 6.4) demonstrates that the total NL is a 

combination of a component from the space-charge-induced change in 

electron velocity and a component from the p-region absorption. The non

linearities from these mechanisms are approximately equal because the 

simulated NL decreases by 3 dB when the p-region absorption nonlinear 

mechanism is neglected. At an applied voltage of-15 V (figure 6.5), the 

NL is almost entirely a function of the p-region absorption since the NL 

decreases by 10 dB when this mechanism is excluded. 

Various plots are generated to compare the properties of this device 

to the shorter intrinsic region length devices . The carrier densities and 
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Figure 6.3 Measured and simulated harmonic power versus 

average detector current at 10 GHz. Applied voltage= -5 V. 

µ = 150 and 175 cm2Ns. Spot size= 7.0 µm. 
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Figure 6.4 Measured and simulated harmonic power versus 

average detector current at 10 GHz. Applied voltage= -10 V. 

µ = 150 cm2Ns. Spot size = 7.0 µm . 
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Figure 6.5 Measured and simulated harmonic power versus 

current at 10 GHz. Applied V = -15 V. With and without 

p-region absorption. µ = 150 cm2Ns. Spot size= 7.0 µm. 
p 

electric field are plotted in figure 6.6 for an applied voltage of -15 V and 1 

mA of average PD current. The space-charge electric field is plotted in 

figure 6 . 7 for PD currents of 100 µA and 1 mA with a simulated spot size 

of 7 µm . It will be shown that the space-charge electric field will have a 

major impact on the maximum possible PD current before the onset of 

high-power-density nonlinearities similar to those under investigation in 

Chapter VII. 

A summary of the simulation and device parameters are given in 

figure 6.8. The left hand column in figure 6.8 lists the physical and mea

sured characteristics for the device, while the right hand column lists 

the simulation specific parameters which yielded the best-fits to the mea

surement data. 
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Physical Parameters Simulation Parameters 
p-region Length Wp 1.0µm Hole Mobility µp 2 

150-175 cm Ns 
p-region Doping Na 7 x 1018 cm-3 Electron Mobility µn 2 

6000-8000 cm 'N s 
i-region Length w· 0.95µm Hole Saturated I 

4.8 x 106 cm/s i-region Doping Nai 5 x 1015 cm-3 Velocity 
Vphf 

n-region Length Wn 0.1 µm Electron Saturated 
5.4 x 106 cm/s 

2 x 1017 cm-3 
Vnhf 

n-region Doping Na Velocity 

Diameter - 30µm Electron Scattering 
1 x 1017 cm-3 

Device and Measurement Parameter 
nh 

Characterisitics Hole Scattering 
7 x 1017 cm-3 

Incident Spot Size lOµm Parameter 
Ph 

-

DC Quantum Electron Velocity 
~ 0.6-0.8 X 10-7 

Efficiency 
T) 0.7A/W 

Fitting Parameter 

-3 dB Frequency Recombination 'tp 
- 20GHz 2 ns 

Response Time, i-region 'tn 

Laser Measurement Recombination 'tp 
'A. 1319 nm 100 ps 

Wavelength Time, p-region 'tn 

Figure 6.8 0.95 µm device characteristics and simulation parameters. 

0.5-µm Device Measurements and Simulations 

The 0.5-µm long intrinsic region devices will be modeled with simi

lar material parameters that were assumed for the (earlier) 0.95-~tm ver

sions of the detector. The doping density versus position for the 0.5-µm 

device is shown in figure 6.9. A 0.4-µm long p-InGaAs cap layer and a 

0.1-µm long n-InP substrate with the same doping concentrations as the 

0.95-µm device will be assumed. Since hole transport into the n-InP 

region was forbidden (Chapter III), the physical length of the n-InP is 

not required so long as enough region is modeled to prevent the depletion 

region from reaching then-contact. Any additional transparent InP acts 
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n-Type InP 
. > 0.9 µm 
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o -o.4 µm ; / 

................. .. .. .. ...... 1.. .. ...................... ... ..... ...... n-Type InGaAs .. i ..... ............. .... .. 
' 0 .4 - 0. 9 µm • .. 

··r· ··········· ·•···•······ 
-----------'!""--

1015 -------------------------------~-----.___....__, 
0.0 0.2 0.4 0.6 0.8 1.0 

Diode X Position (µm) 

Figure 6.9 Doping profile versus position for the 0.5-µm long intrinsic 

region device. 

like a resistor since the electron current in this region is dominated by 

the drift current. The simulation bin widths for the 0.5-µm device are 

about half the size of the bin widths used for the 0.95-µm device. 

Figures 6.10 to 6.13 plot the measured NL of this detector with an 

average PD current of 1 mA and a 100% modulation depth for frequencies 

of 100 MHz, 1 GHz, 5 GHz, and 10 GHz, respectively. The measurement 

data shows similar characteristics to the data from the 0.95-µm device 

(figures 5.1 to 5.4). The NL decreases as the applied voltage increases up 

to a given voltage where, for higher applied voltages, the NL is approxi

mately unchanged. The transition between these regions are not as dis

tinct compared to the 0.95-µm device; however, the same overall trends 

are observed. For example, the transition from the two regions should be 

frequency dependent in such a way that the transition should occur at 

lower applied voltages for lower frequencies. The transitions occur (fig-
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detector applied reverse bias voltage at 1 GHz. Fiber pigtailed. 

Average detector current= 1 mA. 
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ures 6.10 to 6.13) at applied voltages of approximately -3, -1, -1, and -2 

Volts for frequencies of 100 MHz to 10 GHz, respectively, which contradict 

the results from Chapter V. Simulations on this device will be limited to 

5 GHz, since, due to the reduced bin width, the simulation time required 

for a given time interval is about twice that of the 0.95-µm device. The 

simulations will concentrate on the differences and possible advantages 

over the 0.95-µm device nonlinearities. 

If the dominant nonlinear mechanism is the p-region absorption 

for high applied voltages, the NL should be independent of the intrinsic 

region length. The data from figures 5.1 to 5.4 and figures 6.10 to 6.13 

certainly support this hypothesis, with the NL approximately indepen

dent of intrinsic region thickness (and frequency) for both devices. Later 

in this chapter, the 0.2-µm long intrinsic region device will also show 

similar NL at high applied voltages. A question thus remains : do shorter 

intrinsic region devices have any advantages in nonlinear performance if 

the p-region absorption is excluded (which may require a p-type contact 

in a high bandgap material such as InP or InGaAsP)? 

The simulated nonlinearities of the 0.5-µm device with a spot size 

of7 µm, hole mobilities of lO0and 200 cm2Ns, and with p-region absorp

tion are plotted in figure 6.14. Also plotted are the results with a hole 

mobility of 100 cm2/Vs without p-region absorption. The NL is indeed 

dominated by the p-region absorption since the simulated second har

monic decreases by 60 dB when p-region absorption is neglected. This is 

a substantial decrease in NL compared to the results for the 0.95-µm 

device operated at-15 V (figure 5.36) where the decrease was only about 10 

dB for the same simulation spot size . The difference in the second har-
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Figure 6.14 Measured and simulated harmonic power versus 

average detector current at 5 GHz. 0.5-µm long intrinsic region. 

Applied V = -4 V. Fiber pigtailed. Spot size= 7.0 µm. 

monic between the two devices without p-region absorption may be the 

result of several mechanisms. First, the electric field (figure 6.15) for the 

0.5-µm device at -4 V is much flatter across the intrinsic region com

pared to the electric field (figure 6.6) for the 0.95-µm device at -15 V even 

though the electric field in the intrinsic region is higher for the 0.95-µm 

device. Second, the space-charge electric field (figure 6.16) for the 0 .5-µm 

device is about half the space-charge electric field of the 0.95-µm device 

(figure 6. 7) operating with the same current density, since the electrons 

and holes are separated, on average, by 1/2 the distance in the intrinsic 

region of the 0.5-µm device compared to the 0.95-µm device. A summary 

of the simulation and device parameters for the 0.5-µm device are given 

in figure 6.17. 
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Physical Parameters Simulation Parameters 
p-region Length WP 0.4µm Hole Mobility µp 2 

150-175 cm Ns 
p-region Doping Na 7 x 1018 cm·3 Electron Mobility µn 2 

8000 cm '/Vs 
i-region Length W · 0.5µm Hole Saturated I 

6 
i-region Doping Ndi 5 x 1015 cm-3 Velocity 

Vphf 4.8 x 10 cm/s 

n-region Length Wn 0.lµm Electron Saturated 
5.4 x 106 cm/s n-region Doping 2 x 1017 cm-3 

Vnhf 
Nd Velocity 

Diameter - 20µm Electron Scattering 
1 x 1017 cm-3 

Device and Measurement Parameter 
nh 

Characterisitics Hole Scattering 
7 x 1017 cm-3 

Incident Spot Size - lOµm Parameter 
Ph 

DC Quantum Electron Velocity 
~ -7 

Efficiency 
T] 0.3 AIW 0.8x 10 

Fitting Parameter 

-3 dB Frequency Recombination 'tp . > 24 GHz 2 ns 
Response Time, i-region 'tn 

Laser Measurement Recombination 'tp 
'A 1319 nm 100 ps 

Wavelength Time, p-region 'tn 

Figure 6.17 0.5 µm device characteristics and simulation parameters. 

0.2-µm Device Measurements and Simulations 

The shortest of the tested device intrinsic lengths is a 0.2-µm 

double-heterostructure device. The device is a 10 µm x 10 µm device hav

ing a layer structure identical to 4 µm x 4 µm devices reported in refer

ence [1]. The layer structures are quite complicated from the modeling 

point of view. Therefore, a three-part single-heterostructure model simi

lar to the previous devices will be utilized, with modifications to the 

assumptions for the p-i heterojunction . The device size is approaching 

the limits where quantum effects and finite carrier acceleration times 

may affect or even dominate carrier transport. Therefore the solutions to 

the continuity and Poisson's equations with the assumptions made in 
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Chapters III and IV on such small geometries may not yield accurate 

results. However, the model will be used to determine just how much 

information can be obtained without including more difficult (from the 

modeling point of view) transport mechanisms. 

The doping densities1 for the 0.2-µm device are given in figure 6.18. 

The heavily-doped p-InP layer, the n-InGaAs intrinsic region, and then

InP substrate extend from Oto 0.19 µm, 0.19 to 0.39 µm, and 0.39 to 0.5 

µm, respectively. This device differs from the previous two devices by an 

addition of a second heterostructure consisting of a layer of p -InP 

between the p-InGaAs cap layer and the n-InGaAs intrinsic region . 

This additional heterostructure keeps the electrons generated in the p

InGaAs cap layer from traveling into the intrinsic region .3 The device 

NL may be characterized by a single heterostructure without absorption 

in the p-region, since the electrons generated in the p-InGaAs cap layer 

do not make it to the intrinsic region. The measured fundamental and 
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Figure 6.18 Doping density versus position for the 0.2-µm photodiode. 
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harmonic powers are plotted in figures 6.19 to 6.22 versus applied voltage 

for frequencies of 100 MHz, 1 GHz, 5 GHz, and 10 GHz, respectively. The 

nonlinearities are approximately frequency and applied voltage indepen

dent, with a second harmonic of -78 dBm for applied voltages greater 

than 1 V, and slightly better (-80 to -90 dBm) results at 100 MHz. These 

results are characteristic of the p-region absorption nonlinear mecha

nism discussed in Chapter V. In Chapter V, the nonlinearity from the p

region absorption was observed to be a function of how many electrons 

made it to the intrinsic region by moving the focal position of the p-region 

hole-expansion function and by varying the electron velocity in the p

region. However, the NL may contain a component from the generation 

and movement of both carriers in the p-InGaAs cap layer, whether or not 

electrons actually travel into the intrinsic region. Simulations at 5 GHz 
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Figure 6.19 Measured fundamental and harmonic power vs applied 

reverse bias voltage at 100 MHz. Average PD current= 1 mA. 

Incident e-2 spot size = 10 µm. Modulation depth = 100%. 
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reverse bias voltage at 1 GHz. Average PD current= 1 mA. 

Incident e -2 spot size = 10 µm. Modulation depth = 100%. 
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reverse bias voltage at 5 GHz. Average PD current= 1 mA. 
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Figure 6.22 Measured fundamental and harmonic power vs applied 

reverse bias voltage at 10 GHz. Average PD current= 1 mA. 

Incident e -2 spot size = 10 µm. Modulation depth = 100%. 

will help to justify or contradict these hypotheses. 

The NL at 5 GHz neglecting p-region absorption is plotted in figure 

6.23, where the 0.2-µm device is simulated with and without a 50 Q load 

resistance. The measurement data was taken with an incident e-2 inten

sity spot size of 10 µm. The data show that the device NL cannot be mod

eled without including the p-region absorption, even though the carriers 

are not permitted to travel from the p-InGaAs cap layer into the intrinsic 

region. The device is simulated with a 5 µm spot size, 50% of the e-2 

intensity spot size, to maximize (within reason) the NL due to the space

charge electric field nonlinear mechanisms. Since the device NL cannot 

be modeled without absorption in the p-region (figure 6.23), additional 

simulations are required to determine the source of the NL behavior. 

The nonlinearities may be the result of carrier generation in the p-
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Figure 6.23 Measured and simulated harmonic power vs current 

at 5 GHz neglecting p-region absorption. Simulated with and 

without a 50 Ohm load resistor. Spot size= 5 µm . Applied V = -2 V. 

InGaAs cap layer even if the electrons do not enter the intrinsic region. 

To test this hypothesis, two additional simulations are needed. One sim

ulation allows p-region absorption in the entire region except for 20 nm 

which is nearest to the intrinsic region, allowing the electrons generated 

in the p-region to recombine before they reach the intrinsic region. The 

second simulation allows absorption in the entire p-region; however, the 

electrons are prohibited from leaving the p-region, which is similar to the 

effect of the second heterojunction. The simulated results (figure 6.24) 

demonstrate that the NL still cannot be modeled simply by the generation 

and movement of electrons or holes in the p-region, which implies that 

the electrons must travel into the intrinsic region to effect the device NL. 

A closer look at the device1 reveals that between the intrinsic region 
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Figure 6.24 Simulated harmonic power at 5 GHz. One simulation 

excludes genereration in the p-region near the p-i interface, and the 

second simulation prohibits electron flow from the p- to the i-region. 

(n-InGaAs) and the second heterostructure (p-InP), the device contains a 

graded bandgap layer (GBL). The GBL consists of alternating layers 

totaling 3.6 nm of InGaAs and InP which help to lower the band disconti

nuities and prevent hole trapping at the heterojunction interface.4 The 

depletion depth into the p-region is only about 1 nm due the high doping 

level (8 x 101s cm-3) of the InP, therefore much of the InGaAs here may be 

undepleted. The device cannot be thought of as a simple p-n junction in 

this region due to the small thicknesses(< 1 nm) of the layers. However, 

to determine how much undepleted InGaAs is necessary to yield the NL 

in figure 6.23, the PD is simulated again, this time allowing p-region 

absorption near the p-i interface. The simulated NL in figure 6.25 con

sists of four different lengths (3.6, 8.2, 14, and 190 nm) of absorbing p

InGaAs located between the p-InP and the intrinsic region . The results 
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Figure 6.25 Measured and simulated harmonic power vs current 

at 5 GHz. Simulations for various lengths of absorbing p-InGaAs 

next to the i-region. 0.2-µm long intrinsic region. Spot size = 7 µm . 

in figure 6.25 suggest that only about 8 to 14 nm of essentially undepleted 

absorbing material next to the intrinsic region is required to model the 

device nonlinearities. 

Although the device only contains 3.6 nm of InGaAs near the 

intrinsic region, the NL may still be solely from this region. The NL may 

be enhanced by hole trapping at the heterojunction interface, which may 

account for the decrease in the second harmonic at higher currents due 

to filling of the trap sites. However, trapping mechanisms are not con

sidered in the present model. Similar reductions in the second har

monic at higher currents are observed at 100 MHz, 1 GHz, and 10 GHz. 

The carrier densities and electric field for this device are plotted in 

figure 6.26 for an applied voltage of -2 V and 1 mA of average current. 

The space-charge electric field is plotted in figure 6.27 for PD currents of 
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Figure 6.26 Carrier densities and electric field with an average PD 

current of 1 mA. 0.20-µm long intrinsic region. Simulated spot 

size = 7 µm. Applied voltage = -2 V. 
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Figure 6.27 Space-charge electric field in the intrinsic region due 

to the photogenerated carrier densities. Average PD currents of 

100 µA and 1 mA. 0.2-µm long intrinsic region. Spot size = 7 µm. 
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100 µA and 1 mA with a simulated spot size of 7 µm . Notice that the 

space-charge electric field is about 1/5 (the ratio of the intrinsic region 

lengths) the space-charge field of the 0.95-µm device (figure 6. 7) for the 

same current density. A summary of the simulation and device parame

ters for the 0.2-µm PD are given in figure 6.28. 

Physical Parameters Simulation Parameters 
p-region Length WP 0.190 µm Hole Mobility µp 2 

100-150 cm Ns 
p-region Doping Na 2 x 1019 cm-3 Electron Mobility µn 2 8000-10000 cm '/Vs 
i-region Length w· 0.20 µm Hole Saturated I 

Vphf 6 
i-region Doping 5 x 1015 cm-3 Velocity 

4.8 x 10 cm/s 
Ndi 

n-region Length Wn 0.115 µm Electron Saturated 
6 Vnhf 5.4 x 10 cm/s n-region Doping Na 2 x 1017 cm-3 Velocity 

Diameter . l0µm Electron Scattering 
1 x 10 17 cm-3 

Device and Measurement Parameter 
nh 

Characterisitics Hole Scattering 
7 x 1017 cm-3 

Incident Spot Size 
Ph 

- lOµm Parameter 

DC Quantum Electron Velocity 
~ 0.8-1.0 X 10-7 

Efficiency 
Tl 0.3 NW 

Fitting Parameter 

-3 dB Frequency Recombination 'tp 
- 27GHz 2 ns 

Response Time, i-region 'tn 

Laser Measurement Recombination 'tp 
A 1319 nm 100 ps 

Wavelength Time, p-region 'tn 

Figure 6.28 0.2 µm device characteristics and simulation parameters. 

Additional Measurements 

Nonlinearity measurements on a wide range of devices from differ

ent manufacturers were made to examine the differences, if any, 

between devices. Figure 6.29 is a listing of these measurements for eight 

devices where the measurements have been reduced to seven character

istic numbers . These characteristic numbers are the second and third 
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Detector 1 2 3 4 5 6 7 
DC Quantum 

Efficiency (NW) 0.71 0.30 0.30 0.78 0.85 0.21 0.70 

50 MHz Quantum 
Efficiency (NW) 0.71 0.30 0.30 0.78 0.70 0.10 0.70 

Bandwidth 
-3 dB (GHz) 2) >24 Z7 18 14 22 4 

Bandwidth 
-6 dB (GHz) >24 >24 >40 24 2) ~ 10 

Applied Voltage (-V) Not 
(Min 2f@ 5 GHz) 10 1 0.5 8 15 Clear 

100 MHz 2f@ 1 mA (dBc) -76 -68 -74 -54 -48 -60 -38 
100 MHz 3f@ 1 mA (dBc) -94 -79 -86 -58 -78 -77 -42 

1 GHz 2f@ 1 mA (dBc) -72 -55 -63 -45 -50 -57 -30 
1 GHz 3f@ 1 mA (dBc) -99 -73 -83 -57 -87 -73 -38 
5 GHz 2f@ 1 mA (dBc) -71 -55 -62 -68 -54 -47 -48 
5 GHz 3f@ 1 mA (dBc) -86 -75 -82 -80 -89 -68 -63 
10 GHz 2f@ 1 mA (dBc) -76 -57 -61 -55 

Figure 6.29 Measurement data for eight photodetectors. Detectors 

three through eight are from six different manufacturers. 

8 

0.84 

0.76 

12 

16 

-70 
-100 
-60 
-92 
-61 
-90 
-65 

harmonics of 100MHz, 1 GHz, and 5 GHz and the second harmonic of 10 

GHz, all measured at 1 mA, 100% modulation depth, and at the highest 

applied detector voltage allowed by the manufacturer. Detectors one, two, 

and three are the 0.95-µ.m, 0.5-µm and 0.2-µm long devices discussed in 

this chapter. Detectors four through eight are from other manufactur

ers. Variations in the NL of up to a few dB can occur (for example, see 

figure 6.10 or 6.19) at high bias voltages; therefore, the harmonic levels 

stated are averages of the NL at high applied voltages and can be consid

ered to have an error of up to± 5 dB. With the exception of detector one, 

no device appears to have lower NL at all four frequencies. The results in 

figure 6.29 help to justify that the NL are intrinsic properties of PDs and 
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not isolated observations in mesa-type devices or devices from a particu

lar manufacturer. 

Summary 

In this chapter, the device characteristics and best-fit simulation 

parameters for three intrinsic region length devices were presented. 

Simulations of the 0.5-µm and 0.2-µm PDs at high applied voltages and 5 

GHz confirm that the NL is dominated by p-region absorption near the 

intrinsic region similar to the results obtained for the 0.95-µm long 

devices in Chapter V. It was found that only 8 to 14 nm of undepleted 

absorbing material next to the intrinsic region is sufficient to result in a 

second harmonic of -60 dBc at 1 mA. The photogenerated space-charge 

electric field was observed to scale inversely proportional to the intrinsic 

region thickness for a given incident spot size. This implies that for a 

given incident optical spot size, shorter intrinsic region PDs will have 

lower NL associated with the change in carrier velocities . NL measure

ments from other devices at high applied voltages confirm that these 

effects are inherent properties of currently available devices. 
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VII. HIGH POWER DENSITY NONLINEARITIES: A 0.95-µm 

DEVICE 

Introduction 

This chapter will study p-i-n photodiode nonlinearities under high 

power density conditions. High optical power densities obtained from the 

focusing of light into a PD or from high incident optical powers result in 

large space-charge densities (~ 1016 cm·3), which cause the electric field 

to redistribute and collapse over part of the intrinsic region. These effects 

can occur when a 0.95-µm long intrinsic region PD, biased at-5 V, is illu

minated with power densities greater than 3 kW/cm2. The nonlinear 

effects associated with high power densities can result in additional NL 

effects distinct from those of Chapter V. At high power densities the PD 

can cause highly detrimental system characteristics, not only substan

tially higher harmonic content, but also a reduction in diode high

frequency responsivity and (time domain) phase shifts. This decrease in 

diode responsivity is shown (below) to be due to an increase in transit 

across areas within the intrinsic region which have low electric fields 

and unsaturated carrier velocities. The redistributed intrinsic region 

electric field also produces a radial electric field component. This is 

shown to result primarily in electron movement towards the center of the 

device, thereby increasing the electron density along the axis of the inci

dent signal. 

To avoid the high power density conditions, why not just increase 

the incident optical spot size? To avoid reducing the net quantum effi

ciency, an increase in spot size must be limited to the active area. 



131 

Furthermore, for high frequency devices the active area must be small to 

achieve low capacitance. For example, 20-GHz devices are limited to 

maximum device diameters of about 30 microns . With the optical power 

levels considered here, a 30-µm device diameter is large enough to avoid 

the high carrier densities under investigation in thi s chapter. 

Nevertheless, measurements and simulations will be presented in this 

chapter for smaller incident spot sizes ( < 10 µm ) to study and understand 

the high-power-density characteristics of PDs. The results obtained from 

measurements and simulations at small spot sizes will thus provide 

insight into the nonlinear effects which may occur in the next generation 

of high current (10 to 100 mA) 20-GHz PDs; for ultra-high speed (> 100 

GHz), small diameter ( < 4 µm) PDs; and in current PDs with excessive 

incident optical powers (> 100 mW). 

Measurement Data 

Measurements of the frequency response with increasing levels of 

optical power reveal the onset of high power nonlinearities. The fre

quency response of a 0.95-µm PD plotted relative to the response of the 

device at low average currents is shown in figure 7.1. The average cur

rents in the device are 800 and 1000 µA, the applied bias is -5 V, the modu

lation depth is 100%, and the measured e-2 spot size of the incident optical 

beam is 5.75 ± 0.25 µm. The response reductions observed in figure 7.1 

are very unexpected since the electric field (see figure 5.15 or 7.11) is high 

enough in the depletion region to nearly saturate the carrier velocities 

and the load resistance (50 Q) is too low to result in a sufficient drop of the 

externally applied bias voltage. Measurements of the low-power-density 

response confirm the presence of a fully-depleted intrinsic region since 
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Figure 7.1 Large-signal relative frequency response of a 0.95 µm PD. 

Average currents of 800 and 1000 µA with an e-2 incident spot size of 

5. 75 ± 0.25 µm. 200 point resolution. 100% modulation depth. 

the device response at 20 GHz does not improve by more than 0.5 dB for 

applied bias voltages above -5 V. From figure 7.1 another anomaly must 

be explained: the response at frequencies between 10 and 20 GHz are 

more affected than for frequencies below 10 GHz and above 20 GHz. 

To gain insight into this nonlinear behavior, the lasers in figure 2.1 

were phased-locked to provide ± 1 ° phase stability and the time domain 

output of the PD was observed on an oscilloscope at low and high powers . 

The frequency response in figure 7.1 shows the response just starting to 

drop between 100 and 500 MHz. The sinusoidal outputs at 150 MHz with 

100 and 1400 µA of average PD current with a 100% modulation depth are 

plotted in figure 7.2. The amplitudes are normalized such that the sinu

soids contained the same energy during a single cycle, since the average 

PD current is approximately linear (1 %) with the average optical power. 
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Figure 7.2 Normalized large-signal sinusoidal output of a 0.95-µm 

-5 V-biased PD at 150 MHz. Average currents of 100 and 1400 µA with 

an e-2 incident spot size of 5. 75 ± 0.25 µm . 100% modulation depth. 

Figure 7.2 shows that the peak of the high-current sinusoid is delayed 

from the low-current sinusoid by up to 400 ps, a factor of 20 greater than 

the low-power transit time of the device. 150 MHz was specifically chosen 

for this observation because the sinusoidal output was observed to 

decrease very rapidly and recover just before the start of a new cycle. 

When the frequency is increased to 500 MHz, the high-current 

signal (figure 7.3) shows a large phase shift relative to the low-current 

signal and some distortion. The distortion is more subtle in this case as 

compared to the 150 MHz case since the PD response at 500 MHz is 0.5 dB 

down from the low-power response and no longer recovers before the 

start of a new cycle. However, it is apparent that the top half of the 500-

MHz high-current sinusoid is wider than the lower half. If the incident 

power density is decreased by keeping the optical power the same and 
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Figure 7.3 Normalized large-signal sinusoidal output of a 0.95-µm 

-5 V-biased PD at 500 MHz. Average currents of 100 and 1400 µA 

with a e-2 incident spot size of 5.75 ± 0.25 µm. 100% modulation depth. 
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Figure 7.4 Normalized large-signal sinusoidal output of a 0.95-µm 

-5 V-biased PD at 500 MHz. Average currents of 100 and 1400 µA 

with an e-2 incident spot size of 7.5 ± 0.5 µm. 100% modulation depth. 
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increasing the spot size to 7.5 µm, the PD r esponse at 500 MHz recovers to 

within 0.1 dB of its response at low powers. Figure 7.4 is a plot of the 

sinusoidal time domain output at 500 MHz under these conditions and 

shows that the output now is similar in shape to the output at 150 MHz in 

figure 7.2. Therefore, as the frequency increases, the power density must 

decrease to keep the PD response from decreasing. 

The distortions of the sinusoids in figures 7.1 to 7.4 will result in 

substantial harmonic distortion. The fundamental, second, third and 

fourth harmonics of a 0.95-µm PD biased at-5 V are plotted in figures 7.5, 

7.6 and 7.7 for frequencies of 150 MHz, 500 MHz and 5 GHz, respectively. 

The growth rate in the harmonic content differs considerably from a 

power-law dependence . The second harmonic increases from -110 dBm 

at a current of 100 µA to nearly -40 dBm at 1 mA for all three frequen-
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Figure 7.5 Fundamental and harmonic power vs average PD current 

for a -5 V-biased 0.95-µ.m PD. 100% modulation depth. Incident e-2 

spot size of 5. 75 ± 0.25 µ.m. 150 MHz fundamental frequency. 
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for a -5 V-biased 0.95-µm PD. 100% modulation depth. Incident e·2 

spot size of 5. 75 ± 0.25 µm. 5 GHz fundamental frequency. 
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cies-an increase by 70 dB in less than one decade of current. 

At an applied voltage of-3 V, the PD response at 1 mA near 20 GHz 

was observed to be more than 10 dB below the PD response at 100 µA. The 

low-power frequency response of the PD does not appreciably change for 

applied voltages above -5 V and decreases only a couple of dB at 24 GHz 

with applied voltages as low as -2 V. Therefore, external voltage drops of 

50 m V (1 mA across 50 Q) are excluded from being the sole factor for the 

observed 1 to 10 dB reductions in the PD response. With a 10 dB reduction 

in the output power, the time variation of the output current has also 

decreased substantially. The frequency response of the device should 

therefore be dependent, not on the time varying PD current, but on the 

average PD current. To verify this hypothesis the frequency response is 

measured at high power densities under small-signal conditions. 

Small-signal measurements are obtained with unequal laser 

powers (figure 2.1). With proper adjustment, the same modulating cur

rent (output microwave power) can be obtained while independently con

trolling the average PD current. The relative frequency response (rela

tive to the response at low powers) of a 0.95-µm PD, biased at -5 V, with 

800 and 1000 µA of average current is plotted in figure 7 .8. The frequency 

response has a similar shape to the large-signal experimental results in 

figure 7 .1. The tendency of the response to decrease more at frequencies 

near the middle of the frequency range remains . 

From the high-power-density mea surements of the large-signal 

frequency response, the small-signal frequency response, and the sinu

soidal time domain distortions with the corresponding harmonics, sev

eral conclusions can be formulated. 
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Figure 7.8 Small-signal relative frequency response of a -5 V-biased 

0.95-µm PD. Average PD currents of 800 and 1000 µA with an e-2 

incident spot size of 5. 75 ± 0.25 µm. 1000 point resolution. 

1) Once the carriers are generated, most exit the intrinsic region before 

recombining, since measurements of the average current are linear with 

incident power. 

2) The effect must be internal, since the voltage drop in the external cir

cuit is insufficient to explain the observed effects . 

3) If most of the generated carriers exit the intrinsic region, with many 

of them delayed by several hundreds of picoseconds, the intrinsic region 

electric field must have redistributed sufficiently to cause the observed 

increase in carrier transit times. 

Simulations will provide specific information about the high

power-density carrier dynamics and the electric field distributions in the 

intrinsic region. This information can then be used for predicting device 
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behavior when PD currents approach 10 to 100 mA with larger spot sizes. 

Simulation Results 

To study these high power density effects, the model PD is simu

lated with the program discussed in Chapter IV. The simulated small

signal frequency response with spot sizes of 3.0, 3.1, and 3.2 µm is plotted 

in figure 7.9. The simulations clearly show a PD response reduction 
' 

where the best results are obtained using a spot size of between 3.0 and 

3.1 µm for the 1 mA frequency response. For the 800 µA frequency 

response, the fit overestimates the response by up to 1 dB for frequencies 

between 1 and 5 GHz. The best fit to this data was obtained with a simu

lated spot size of only 53% of the e-2 spot size, in contrast to the 65 to 75% 

obtained with the low-power nonlinearities of Chapters V and VI. This 
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Figure 7.9 Measured and simulated small-signal relative frequency 

response of a -5 V-biased 0.95-µm PD. Average currents of 800 and 

1000 µA µ = 230 cm2/Vs. Measurement data from Fig 7.8. 
p 



140 

may be needed to account for two-dimensional effects discussed later. 

The hole mobility used in the simulated results of figure 7.9is also 

about 20% higher than the best-fit hole mobilities of the low-power-density 

nonlinearities (Chapters V and VI). To compare the sensitivity in the 

simulated results to hole mobility, figure 7.10 displays the simulated 

small-signal frequency response for hole mobilities of 150, 200, and 230 

cm2/Vs with the corresponding best-fit spot sizes. The results show 

slightly better fits at higher frequencies with a higher hole mobility and 

better fits at lower frequencies with a lower hole mobility. The sensitivity 

in the simulated results to spot size was about the same as the results in 

figure 7.9. The results in figure 7.10 show that the PD response reduction 

is somewhat independent of the hole mobility, given the freedom to vary 

the spot size. However, for a given spot size, higher hole mobilities (not 
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Figure 7.10 Measured and simulated small-signal relative frequency 

response of a -5 V-biased 0.95-µm PD. Average currents of 800 and 

1000 µA. Measurement data from Fig 7.8. 
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higher saturated hole velocities) result in less response reduction. 

Plots of the electric field and the carrier densities for a hole mobility 

of230cm2Ns and a spot size of 3.1 µm are given in figures 7.11, 7.12, and 

7.13 corresponding to DC photocurrents of 100 µA, 800 µA, and 1000 µA, 

respectively. At 100 µA, the electric field (figure 7.11) is 15 kV/cm at the 

edge of the intrinsic region near the n-contact. As the average current 

increases to 800 µA (figure 7.12) the electric field near the n-contact 

decreases almost to zero, with the initial observation of an increase of the 

carrier densities there. When the average current reaches 1 mA (figure 

7.13) the electric field has collapsed over 10% (0.1 µm) of the intrinsic 

region, in the region nearest to then-contact. Here, the carrier densities 

have increased to 6.0 to 8.0 x 1016 c m-3 in a region where the electric field 

is nearly zero. The electric fields in figures 7.11 to 7.13 establish that the 
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Figure 7 .11 Carrier densities and electric field in the intrinsic 

region at 100 µA. The intrinsic region extends from X = 1.0 µm 

to X = 1.95 µm. Applied voltage = -5 V. Spot size = 3.1 µm. 
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observed response reductions are indeed caused by the average PD cur

rent, since it is the average current which determines the intrinsic 

region electric field. Under large-signal conditions the intrinsic region 

electric field can and does change during the sinusoidal cycle. However 
' 

the electric field change due to the modulation results only in deviations 

above and below the electric field determined by the average PD current. 

Figure 7.14 shows the simulated large-signal results with a hole 

mobility of 230 c m 2N s at average PD currents of 800 and 1000 µA. Figure 

7.14 shows that the large-signal results do not fit quite as well as the 

small-signal results (figures 7.9 and 7.10), although the large-signal sim

ulations seem to fit better at 800 µA than 1000 µA, in contrast to the 

small-signal results which fit better at 1000 µA . The results in figure 

7.14 reflect the tendency for the response to remain high until 2 to 6 GHz, 
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Figure 7.14 Large-signal relative frequency response of a -5 V-biased 

0.95-µm PD. Average currents of 800 and 1000 µA. Applied voltage 

= -5 V. µ = 230 cm2Ns. Measurement data from figure 7.1. 
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where a sudden decrease (0.5 - 1.0 dB) occurs . Simulation r esults with a 

hole mobility of 150 c m2/V s (figure 7 .15) show similar characteristics 
' 

although the best-fit spot size has increased from 3.2 to 3.5 µm. The spot 

size for both figures 7.14 and 7.15, are consistent with the results for the 

best-fit small-signal results, however, both large- and small-signal simu

lations require approximately 10 to 20% smaller simulation spot sizes 

than the best-fit results from Chapter V. The fits in figures 7.14 and 

figure 7.15 suggest that the carrier dynamics under large-signal modula

tion and collapsing electric fields are being modeled with sufficient accu

racy to extend the simulations to the time domain responses . 

The simulated sinusoidal output at 150 MHz with a hole mobility of 

150 cm2Ns and a spot size of 3.0 µm is plotted in figure 7.16, where the 

output of the simulated PD is compared at 100 and 1400 µA. The data in 
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0.95-µm PD. Average currents of 800 and 1000 µA. Applied voltage 

= -5 V. µ = 150 cm2Ns . Measurement data from figure 7.1. p 
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Figure 7.16 Simulated large-signal sinusoidal output of a 0.95-µm 

PD at 150 MHz. Average currents of 100 and 1400 µA. Spot size= 

3 µm. µ = 150 cm2N s. Applied V = -5 V. 100% modulation depth p • 

figure 7.16 agrees quite well with the measured results in figure 7.2. The 

spot size required for this simulation is approximately 20% less than the 

required 3.5 µm to fit the frequency response at the same mobility; how

ever, the average current has increased from 1.0 to 1.4 mA. So despite 

some small discrepancies, the algorithm does predict the overall shape of 

the sinusoidal output at high power densities. 

The simulation results at 500 MHz, with the same simulation 

parameters used to obtain figure 7 .16, are plotted in figure 7 .17. The sim

ulated output shows similar characteristics to the measured data in 

figure 7 .3, where there exists a 10 to 25° phase shift in the output, as well 

as some observable distortion. Rather than normalizing the data, the 

simulated data can be plotted in an absolute sense and compared to the 

generation function. The measured data could not be plotted in this way 
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Figure 7.17 Simulated large-signal sinusoidal output of a 0.95-µm 

PD at 500 MHz. Average currents of 100 and 1400 µA. Spot size= 

3 µm . µP = 150 cm2Ns. Applied V = -5 V. 100% modulation depth. 

due to the AC coupling (via the bias tee in figure 2.2) required to bias the 

PD. The data in figure 7.17 can then be plotted again (figure 7.18)in an 

absolute sense, where the input signal depicted in figure 7.18 is the 

output of an ideal PD. Figure 7.18 contains more information about the 

large-signal carrier dynamics since a direct comparison between the 

generation function and the output can be made. 

Figure 7.3 to 7.4 show that when the spot size is increased by 33%, 

the PD response at 500 MHz recovers slightly and contains more observ

able distortion. This is also the case in the modeled PD where the DC

coupled data in figure 7 .19 shows a decrease in the phase shift to less 

than a few degrees and similar distortion characterisitics. Figures 7.16 

to 7 .19 show that the dynamic nonlinear characteristics occurring in the 

modeled diode agree with those of the actual device . 
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PD at 500 MHz. Average currents of 100 and 1400 µA. Spot size= 

3 µm . µ = 150 cm2Ns. Applied V = -5 V. 100% modulation depth. 
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The simulated harmonic content of the device at a fundamental fre

quency of 5 GHz using the parameters which provided a best-fit to the fre

quency response data in figure 7.10 and using hole mobilities of 150 and 

230cm2Ns is plotted in figure 7.20. The simulated harmonic data (figure 

7.20) is substantially overestimated above 400 µA for both mobilities, and 

not until the current surpasses 900 µA do the simulated harmonics 

approximate the measurement data. This might be expected from the 

simulations in figure 7.10 where the simulated response at 800 µA near 5 

GHz has not dropped sufficiently to resemble the measurement data. 

Therefore the modeled dynamic nonlinearity is slightly higher than that 

which is actually observed. This may be more obvious if one considers 

the sinusoidal output. If the sinusoid could be acquired on an oscillo

scope with sufficient bandwidth, the actual sinusoid at 800 µA would look 
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similar to the sinusoid in figure 7.17, where the response has decreased 

by only 1 dB from the response at low powers. On the other hand, the 

simulated sinusoid would look similar to the sinusoid in figure 7.19, 

since the simulated response has decreased less than 0.2 dB from the low 

power response. The sinusoid in figure 7.19, however, has more dis

cernible distortion than the sinusoid in figure 7.17 and thus should also 

have higher harmonic content. Therefore, to fit the harmonic data, the 

spot size will be reduced to 60 to 70% of the e-2 spot size which provided the 

best-fits to harmonic data in Chapters V and VI. 

The simulated results using a hole mobility of 200 c m 2N s with spot 

sizes of3.6 and 4.0 µm are plotted in figure 7.21. The data shows that the 

simulated third harmonic has a reasonable fit to measurement data 
' 

with the second harmonic slightly underestimated and the fourth har-
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Figure 7.21 Simulated harmonic power versus PD current at 5 GHz. 

Simulated with spot sizes of 3.6 and 4.0 µm. Applied voltage= -5 V. 

µ = 200 cm2/s. Measurement datafrom figure 7.7. p 
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monic slightly overestimated, similar to the simulation tendencies in 

Chapter V (figure 5.13). Better fits in Chapter V were obtained by 

decreasing the hole mobility and the spot size. Simulation results for 

hole mobilities of 175 and 150 c m 2N s are plotted in figures 7 .22 and 7 .23, 

respectively. A best-fitis obtained with a hole mobility of 150 c m2N s and 

a spot size of 4.5 µm (75% of the incident e-2 spot size) which agrees with 

the best-fit simulation parameters in Chapter V. 

The frequency dependence in the NL output (figures 7.5 to 7.7) has 

two distinct regions of comparison. At 200 µA, there exists a 22 dB differ

ence in the second harmonic between the 150 MHz and the 5 GHz data 
' 

while at 1 mA the difference is less than 3 dB. The simulated NL at 500 

MHz is plotted in figure 7.24 using a hole mobility of 150 cm2Ns with spot 

size of 4.5 µm, values which produced the best-fits at 5 GHz (figure 7.23). 
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The overall NL is underestimated slightly; however, the results do pre

dict the sudden increase in NL above 500 µA. 

The sudden increase in NL above 500 µA can be linked to the 

results of the electric field in the intrinsic region (figures 7.11 to 7.13). As 

the current increases to 800 µA, the electric field in the depletion region 

decreases near then-contact to zero. When the electric field decreases to 

zero in a normally depleted absorbing region of a PD, the region becomes 

quasi-neutral (undepleted) due to the photogenerated current. In 

Chapters V and VI, it was demonstrated that absorption in undepleted 

regions next to the intrinsic region could result in nonlinearities. One 

factor controlling the amount of NL was the minority carrier lifetime 
' 

where longer lifetimes resulted in higher nonlinearities. In contrast to 

the highly-doped undepleted regions simulated in Chapter V, the 

intrinsic region minority carrier lifetime is several nanoseconds due to 

the low doping density. Additionally it is the holes which are originally 

generated in the undepleted region that enter the depletion region . 

Therefore the NL can be much higher since all the holes generated in the 

undepleted region reach the depletion region before recombining. The 

net result is the sudden increase in NL observed in figures 7.5 to 7.7. 

1\vo-Dimensional Carrier Flow 

As the power density increases in the depletion region, the space

charge electric field (equation 3.35) also increases . The result is a redis

tribution of the electric field in the depletion region (figures 7.11 to 7 .13). 

The PD thus far has been considered to have exclusively one-dimensional 

carrier movement in the intrinsic region. This was assumed since the 

dark electric field in the intrinsic region is independent of the radial coor-
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dinate, neglecting edge effects or other device a symmetries. This is a 

good approximation because the intrinsic region, as far as the electric 

field is concerned, is a parallel plate capacitor which has a diameter (35 

µm) that is sufficiently larger than its width (1 µm). However, when the 

electric field in the depletion region is perturbed according to the local

ized carrier densities and the localized carrier densities are not uniform 
' 

then the electric field may contain radial components. Carrier move

ment, which was assumed to be exclusively axial, may now contain a 

component in the radial direction. 

A qualitative argument for the existence of a radial component of 

electric field is undertaken here with the help of the low and high power 

electric fields from figures 7.11 and 7.13 , plotted on the same graph 

(figure 7.25). Assume that the device operating under dark conditions 
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has an internal electric field given in figure 7.11. Since there are no gen

erated carriers anywhere in the depletion region, the potential, \Jl(r,x), at 

an arbitrary radial coordinate is just the integration of the electric field in 

figure 7.11 from x = 0 to x = x. When light is incident on the PD equivalent 

to 1 mA of average current, with a e-2 spot size of 6 µm, the number of 

generated carriers at r = 6 µm is low enough that the electric field at r = 6 

µm is unchanged from its value under dark conditions. The potential, 

\Jl(r=6 µ.m,x), is given by the integration of the dark electric field in figure 

7.25 from x = 0 to x . On the other hand, the intensity of the light at the 

center of the Gaussian is enough to perturb the electric field, given by the 

high-power curve in figure 7.25. The potential, \Jl(r=0,x), is therefore 

given by the integration of the redistributed electric field (figure 7.25) 

from x = 0 to x. For any value of x, the potentials \Jl(r=0 ,x) and \Jl(r=6 

µm,x) are not equal, given by the area difference in figure 7.25. In fact 

the potential at the center of the Gaussian is always less than or equal to 

the potential at the edge of the Gaussian. Electrons, which drift towards 

a negative potential, will thus drift towards the center of the Gaussian. 

Holes on the other hand, which drift towards higher potentials, will tend 

to drift away from the center of the Gaussian. This situation is depicted 

in figure 7 .26 where the carriers near the center and the edge of the 

Gaussian have only axial components of velocity and the carriers 

between r = 0 and the edge of the Gaussian have radial velocity compo

nents in addition to their axial velocity components . 

Since there exist radial carrier velocity components from the above 

arguments, the remaining problem is to determine how important the 

radial velocity is compared to the axial velocity. Without a 2-D solution to 
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the transport equations (eqns 3.2 to 3.4), an estimation of the axial electric 

field can be obtained from the solution of many 1-D problems with intensi

ties equal to the intensities along the radial coordinate of the Gaussian. 

The 1-D solutions assume, by definition, that radial currents do not exist. 

From the 1-D results, this assumption can be proved or disproved by esti

mating the magnitude of the expected radial carrier velocities. 

The simulations begin with an approximation to the Gaussian 

radial intensity with j = 7 linear intensities (figure 7.27). A simulation 

for each intensity, j, corresponding to a given radius rj, is performed to 

obtain the electric field, E/rj,x). Once the electric field has been com-
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Figure 7.27 Linear approximation function for the Gaussian 

intensity profile. 

2 

puted, the potential \Jl(ryx) is calculated by integration of the electric field 

E/rj,x). The potential \Jl(r,x) is just the combination of all the individual 

terms \Jl(rj,x). The radial component of the electric field, Ei/r,x), is then 

calculated by taking the negative gradient of the potential \Jl(r,x), which 

can be used to estimate the radial carrier drift velocities from their rela

tionships to the electric field (equations 3.16 and 3.17). This procedure is 

outlined in figure 7.28. 

Simulation: Solutions => E/ri,x) i = l, ... ,j 

X 

Integration: I Ex(ri' x) dx => \Jl(ri,x) i = 1, ... ,j 
0 

Interpolation: \Jl(ri,x) => \Jl(r,x) 

Gradient: -V\Jl(r,x) => E/r,x) 

Figure 7.28 Procedure for obtaining a radial electric field estimate. 
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This procedure was carried out for a spot size of 6 µm and an 

average current of 1 mA for the 0.95-µm long intrinsic region PD. The 

radial components of the velocity were computed and compared to the 

axial components of the velocity. A three-dimensional plot is required to 

display the results which are functions of both x and r . The ratio of elec

tron axial velocity (movement is always towards larger x) to radial 

velocity (towards the center of the Gaussian) is plotted in figure 7.29. The 

radial component of the electron velocity near x = 1.4 µm has peaked and 

is over 1.5 times the value of the axial velocity. The radial component of 

the electron velocity near x = 1.95 µm (near the i-n junction) is also over 

1 

Figure 7.29 Ratio of the estimated electron radial velocity 

to the electron axial velocity. 

Radial 
1 Velocity 

Axial 
Velocity 
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1.5 times the size of the axial component. Thus an electron velocity in the 

intrinsic region, near the steepest part of the Gaussian, has more radial 

movement than axial movement in any given time interval. The average 

ratio of the radial component of velocity relative to the axial component is 

approximately one from figure 7.29. 

The result is an electron movement in the radial direction which is 

nearly equal to the electron movement in the axial direction. With an 

intrinsic region width of 0.95 µm, the electrons can move (radially) up to 

1 µm. This results in a 10 to 20% overall decrease in the spot size, 

accounting for the discrepancies in the simulation results earlier in the 

chapter which required 10 to 20% smaller spot sizes to agree with 

response reductions at 1 mA. The reason that a small radial electric 

field can cause a high radial electron drift motion is related to the high 

electron mobility. From figure 3.3, the radial component of the electric 

field need only be a few kV/cm for the electron velocity to be equal to the 

saturated electron velocity. Conversely for holes (figure 7.30), an electric 

field of a few kV/cm does not result in a radial hole velocity which is com

parable to the saturated hole velocity because of the low hole mobility (see 

figure 3.4). Therefore the radial component of the hole drift velocity, 

which is radially outward from r = 0, is small (figure 7.30) compared to 

the axial component of the hole velocity. However, the radial hole velocity 

in the region from X = 1.8 to X = 1.95 µm is not negligible. The diffusive 

flow of both carriers was also calculated and was found to be small in 

comparison to the results in figure 7.29. Although figures 7.29 and 7.30 

were calculated for a PD where the response had already started to 

decrease, the effects of a radial electric field will occur whenever there 
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1 

Figure 7.30 Ratio of the estimated hole radial velocity 

to the hole axial velocity. 

Radial 
1 Velocity 

Axial 
Velocity 

are space-charge fields which are comparable to the dark electric field. 

This is apparent from figure 7.29where most of the radial electron move

ment occurs over the portion of the intrinsic region which is still 

depleted. 

Summary 

The measurements and simulations in this chapter demonstrated 

that several additional effects need to be included to fully understand the 

nonlinear behavior of p-i-n PDs at power densities greater than 3 

kW/cm2. It was observed that when the hole and electron densities 
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exceed 1016 c m-3, the electric field in the intrinsic region may collapse 

under certain bias conditions. Accompanying the collapse were addi

tional NL effects such as a sudden increase in NL, time domain distor

tions, and response reductions. A radial component of electron drift cur

rent (electron focusing) was estimated from a 1-D formulation of the 2-D 

intrinsic region potential. The estimation predicts that the radial compo

nent of electron velocity can be as high as the axial electron velocity 

resulting in slightly higher carrier densities (up to 30%) along the axis of 

the incident signal. These effects are present when the space-charge 

field is comparable in size to the dark electric field, and not limited to 

cases where the PD response has begun to decrease. Two-dimensional 

simulations are therefore needed to further study these effects on elec

trons and holes. 
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VIII. REDUCTION IN NONLINEAR OUTPUT AND EXTRAPOLATION 

TOIDGHERPOWERS 

Introduction 

If a PD can be made with a p-type cap layer from a semiconductor 

material which is transparent to the detection wavelength, it has been 

demonstrated in Chapters V and VI that significant improvement (> ro 
dB) can be obtained in the second harmonic. This chapter will assume 

that it is possible to make a device with a transparent p-type cap layer and 

further investigate ways to decrease device NL. Additionally, this chap

ter will include simulations to determine proper PD design (from the NL 

point of view) to achieve up to 50 mA of detector current while maintain

ing low NL and avoiding the nonlinear effects observed in Chapter VII. 

0.95-µm Long Intrinsic Region Devices 

For equivalent intrinsic-region electric fields and incident spot 

sizes, the 0.5-µm device displayed lower nonlinearities (see Chapter VI) 

when the p-region absorption was neglected . One possible reason for the 

nonlinear suppression was that the intrinsic region electric field in the 

0.5-µm device deviated from its average value less compared to electric 

field in the 0.95-µm device. To investigate whether an approximately con

stant (under dark conditions) intrinsic region electric field results in 

lower NL, the intrinsic region doping density can be reduced since the 

slope of the electric field is proportional to the doping density. The intrin

sic region electric field under dark conditions for intrinsic region doping 

densities of 1 x 1014, 1 x 101s, and 5 x 101s cm-3 is plotted in figure 8.1. 

The simulated device NL for the above three intrinsic region doping 
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Figure 8.1 Intrinsic region electric field for intrinsic region 

doping densities of 1 x 1014
, 1 x 1015

, and 5 x 1015 cm·3. 

Applied voltage= -10 V. 

densities is plotted in figure 8.2 for a simulated spot size of 7 µm where 

the p-region absorption is neglected. A marginal improvement in the 

second harmonic of 5 dB is achieved with lower intrinsic region doping 

densities while the third harmonic actually increases by 5 dB for cur

rents below 1 mA. A closer look at the resulting electron velocity change 

versus doping density may help to clarify this result. 

When the carrier velocities are approximately saturated in the 

intrinsic region, the current (not current density) is proportional to the 

carrier density, the carrier velocity, and the incident spot size . This 

implies that, for basically linear devices, the space-charge electric field is 

independent of the intrinsic region doping level. The space-charge elec

tric field for intrinsic region doping densities of 1 x 1014 and 5 x 1Ql5 c m·3 

with a PD current of 1 mA are plotted in figure 8.3, where little difference 

is observed. Since the doping density determines the intrinsic region 
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Second Harmonic 
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Modulation 
Depth = 100% 

Ndi = 1.0x 1014 

••••••••• Nd.= 1 0 x 1015 
l • 

Ndi = 5.0x 1015 

Average Detector Current (mA) 
10 

Figure 8.2 Simulated harmonic power vs detector current at 5 GHz 

neglecting p-region absorption for various intrinsic region doping 

densities. Spot size= 7 µ.m. Applied Voltage= -10 V. 

electric field (figure 8.1), the resulting difference in the device NL (figure 

8.2) is due to the change of the electron velocity versus position (recall 

from figure 5.23 that the hole velocity change is negligible when the elec

tric field is greater than 50 kV/cm) from its electric field dependence. 

The change in electron velocity, due to the space-charge electric 

field in figure 8.3, is plotted in figure 8.4. The results in figure 8.4 are not 

conclusive, since there does not seem to be a significantly lower change 

in the electron velocity for the lower intrinsic region doping levels. The 

higher intrinsic region doping level does however have a larger average 

velocity change compared to the low intrinsic region doping level, 

although this may not be the underlying parameter which determines 

the device NL. Nevertheless, the results in figure 8.2 do predict that a 

slight decrease in the second harmonic can be obtained with a slight 
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Figure 8.3 The space-charge electric field in the intrinsic region. 

Intrinsic region doping densities of 1 x 1014 and 5 x 1015 cm-3. 

Spot size= 7.0 µm. Applied voltage= -10 V. 
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average currents. Intrinsic region doping densities of 1 x 1014 

and 5 x 1015 cm-3. Spot size= 7.0 µm. Applied voltage= -10 V. 
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increase in the third harmonic for lower intrinsic region doping levels . 

Since the intrinsic region doping density has such a small effect on 

the device NL, the majority of the NL remains to be the result of the 

space-charge-induced electron velocity change. The electric field depen

dence of the electron velocity is a fundamental property of InGaAs at a 

given temperature; therefore, the only remaining parameter which can 

reduce the device NL is the incident power density. Decreasing the 

power density (larger spot size) simply lowers the space-charge field. 

Extrapolation to Higher Powers 

When the carrier velocities are approximately saturated, the space

charge electric field is simply proportional to the current in the intrinsic 

region. This is shown in figure 8.5 where the space-charge electric field 

is plotted at 10 mA of PD current with the space-charge field at 1 m A 

scaled by a factor of ten. In Chapter VII it was observed that with large 

generated carrier densities, the intrinsic region electric field could par

tially collapse, causing the device NL to increase substantially. An 

approximation for the current at which this effect occurs, given the inci

dent spot size, can be made with the space-charge field (figure 8.5) and 

the dark electric field near the n-contact. In Chapter VII, the electric 

field partially collapsed at approximately 0.8 to 1 mA of average current 

(figures 7.12and 7.13)with an incident e-2 spot size of approximately 5.7 

µm. An additional characteristic of the collapse was a sudden increase 

(threshold effect) in the NL just before this collapse near 0.5 to 0.6 m A 

(figures 7.6 and 7.7). With an e-2 spot size of 5.7 µm, approximately one

half the 10 µm e-2 spot size, the space-charge electric field is approxi-
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Figure 8.5 The space-charge electric field in the intrinsic region 

due to the photogenerated carriers. Spot size= 7.0 µm . 0.95-µm 

long intrinsic region. Applied voltage = -10 V. 

mately four times the space-charge field at 1 mA. An additional factor of 

two arises if one considers the peak current under large signal condi

tions. Eight times the space-charge electric field at 1 mA (figure 8.5) 

yields an opposing space-charge electric field of 40 kV/cm at X = 1. 7 µ m, 

while the dark electric field at X = 1. 7 µm ( the position of the peak space

charge field) is 35 to 40 kV/cm (figure 7.11). Therefore, the opposing 

space-charge field is sufficient to collapse the intrinsic region electric 

field in this region. This electric field collapse is responsible for the 

threshold in the device NL, noticeable at approximately 1/2 the field

collapsing current. We will define this current where the NL suddenly 

increases as the threshold PD current, 0.5 mA for the above example. 

With an incident e-2 spot size of 10 µm, the threshold PD current 

can be approximated in a similar way. Given an applied voltage of -10 V, 
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the electric field near X = 1. 7 µm under dark conditions is approximately 

95 kV/cm (figure 8 .1). For a 100% modulation depth, the peak space

charge electric field (figure 8.5) is 10 kV/cm at X = 1.7 µm for average 

currents of 1 mA (peak currents of 2 mA) . Therefore, the threshold PD 

current is approximately 5 mA. To verify this approximation, the PD 

was simulated (figure 8.6) up to average PD currents of 20 mA with and 

without p-region absorption. The device NL increases substantially near 

5 mA in both cases, while a slight reduction in the device NL can be 

achieved if the p-region absorption can be removed. In Chapter V it was 

determined that at this applied voltage, frequency, and incident spot size, 

the p-region absorption and the space-charge field induced change in 

electron velocity resulted in approximately equal device NL. Therefore, 

no significant improvement in NL was expected from excluding the p-
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Figure 8.6 Simulated fundamental and harmonic power vs current 

at 5 GHz with and without p-region absorption. 0.95-µm long intrinsic 

region. Spot size= 7 µm. µ = 150 cm2Ns. Applied V = -10 V. 
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region absorption. The tendency for the NL to decrease above 10 mA is an 

artifact of the response reduction. For PD currents above the current 

where the peak in the NL occurs, the PD response decreases (see Chapter 

VII). When the PD response drops, the dynamic NL also decreases (for 

example, see figures 7 .16 and 7 .17) resulting in less distortion. 

To increase the threshold PD current and reduce the contribution 

to the device NL from the space-charge electric field, the incident e-2 spot 

size can be increased from 10 to 20 µm. This should increase the thresh

old PD current by a factor of four. The simulated device NL under these 

conditions with and without p-region absorption is plotted in figure 8.7. 

The figure shows that the second harmonic increases sharply at approx

imately 20 mA, thus defining a threshold PD current of 20 mA, or four 

times the previous threshold PD current of 5 mA. Figure 8. 7 also demon-
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at 5 GHz with and without p-region absorption. Spot size= 14 µm. 
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strates that the p-region absorption nonlinear mechanism now domi

nates the device NL since larger spot sizes result in lower space-charge 

fields. The second, third, and fourth harmonics decrease by approxi

mately 30, 10, and 10 dB, respectively, for average PD currents below ID 

mA. Above 20 mA, the device NL is dominated by the high power density 

nonlinearities studied in Chapter VII, which are independent of the p

region absorption conditions. 

Since the space-charge electric field has decreased by a factor of 

four with the increase in spot size from 7 to 14 µm, the device NL caused 

by a 50 Q output resistance may no longer be negligible . A 50 Q resistive 

load will drop the PD voltage by 1 V when the PD current reaches 20 mA. 

Therefore, the device is simulated again (figure 8.8) with the load resis

tor. For PD currents below 10 mA, the device NL is now dominated by the 
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Figure 8.8 Simulated fundamental and harmonic power at 5 GHz 

with and without a 50 Ohm load. Nop-region absorption. 0.95-µm 

long intrinsic region. Spot size = 14 µm . µ = 150 cm2/V s . 
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potential drop from the load resistor, which results in an 18 dB increase 

of the second harmonic. The resistor also lowers the threshold PD cur

rent from 20 mA to 14 mA, although this may be compensated for with a 

higher applied voltage. At 14 mA of PD current, the intrinsic region elec

tric field drops by 7 kV/cm due to the resistor, which is equivalent to a 7 

mA space-charge field (spot size of 14 µm = 1/4 of figure 8.5), accounting 

for the reduction in the threshold PD current. The tendency for the NL to 

decrease above 20 mA (figure 8.8 w/ 50 Q) is an artifact of the response 

reduction as described for the results in figure 8.6. In this figure, the 

presence of a resistor simply decreases the current where the NL peaks 

as compared to the PD with a zero Ohm load. 

Increasing the applied voltage from -10 to -15 V raises the electric 

field by 50 kV/cm near then-contact which should increase the threshold 

PD current from 20-25 mA to 35-45 mA for a PD without a load resistor (0 

Q), and from 14-18mA to 20-28 mA with a 50 Q load. The simulated 

device NL with and without p-region absorption for a PD without a load 

resistor is plotted in figure 8.9 where the threshold PD current has 

increased to 40 or 50 mA. The second harmonic also decreases by 20 to 30 

dB when the p-region absorption is neglected, similar to the results at -10 

V (figure 8. 7). Also note that the simulated third and fourth harmonics 

in figure 8.9 (with p-region absorption) show behavior characteristic of 

actual devices (see figures 7. 7 or reference [ 1]). The tendency for the even 

harmonics to peak when the odd harmonics dip and vice versa is proba

bly due to the nonlinearities associated with the space-charge electric 

field and the p-region absorption adding constructively and destructively. 

This is the most likely explanation since the ripple is absent when the p-



r-
C) 

s: 
0 
~ 
C) 

> co s: 
0 

40 

-40 

-80 

b -120 ..... 
~ 

-160 
0.1 

171 

···· ······-················ ············ ··· ··· ···· ··r····· ················------ ··· 

---w/pabs 

•• ••••••• w/o pabs 

--------------------- -- -- ;-,-•-~( ----- ---- -- . -~ Fourth -- -- ----

' .• H a rmoni c 
············· ·t .·· ·· ··· ······-----

1 10 100 
Average Detector Current (rnA) 

Figure 8.9 Simulated fundamental and harmonic power vs current 

at 5 GHz with and without p-region absorption. 0.95-µm long intrinsic 

region. Spot size= 14 µm . µ. = 150 cm2Ns. Applied V = -15 V. p 

region absorption is neglected. Similar characteristics are also observed 

in figure 8.7. 

The nonlinear output excluding p-region absorption for a PD with 

and without an external resistor is plotted in figure 8.10 where the 

threshold PD current decreases to 30 mA when the external resistor is 

included. The device NL is still higher with the presence of the resistor; 

however, the increase in the second harmonic is only 7 dB, compared to 

the 18 dB observed increase when the applied voltage was -10 V. This was 

not unexpected because a higher average intrinsic region electric field 

results in a smaller electron velocity change from a fixed electric field 

decrease due to the load resistor. From the results in figure 8.10, a con

ventional 0.95-µ.m long intrinsic region 20 GHz p-i-n PD could achieve a 
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maximum threshold PD current of 50 to 60 mA. This is because the 

device area cannot be increased beyond 35 µm (figure 8.8 assumes a a> 

µm e-2 spot size) to achieve the desired bandwidth. Therefore, the inci

dent spot size cannot be increased beyond 30 µ.m resulting in a factor of 

two decrease in the power density. Furthermore, the applied voltage can

not be increased since the electric field at 60 mA is approaching 300 

kV/cm near the p-i interface, where the device may begin to display 

avalanche gain (resulting in a lower frequency response) or break down 

(device failure). Also, filling the entire PD area with light may introduce 

additional NL from nonuniform electric fields present near the edge of 

the device. Two-dimensional carrier flow (Chapter VII) may further 

reduce the threshold PD current from an increase in the electron density 

near the center of the incident signal. 
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To determine if0.5-µm PDs have any advantages over 0.95-µm PDs, 

the 0.5-µm PD is simulated without a load resistor and with an applied 

voltage (-5 V) which results in approximately the same peak intrinsic 

region electric field as the 0.95-µm PD at -10 V. The simulated spot size is 

10 µm (equivalent to a 14 µm e-2 incident spot size), which is near the 

maximum allowed device diameter (20 µm) for a capacitively-limited a) 

GHz device. The results (figure 8.11) show that the 0 .5-µm PD NL is 

slightly better than the 0.95-µm PD NL. The 0.5-µm PD second harmonic 

is -85 dBm at 10 mA compared to a second harmonic of -77 dBm at 10 m A 

(figure 8.9) for the 0.95-µm PD, both neglecting p-region absorption. Both 

devices yield threshold PD currents of approximately 30 mA. 

The insignificant improvement in nonlinear performance for the 

0.5-µm device is the result of the smaller incident spot size resulting in a 
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higher space-charge electric field . In general , for capacitively-limited 

devices, the capacitance is proportional to the area divided by the intrin

sic region thickness. Recall also that the space-charge electric field is 

inversely proportional (Chapter VI) to the intrinsic region thickness. 

Therefore, for capacitively-limited devices, the space-charge electric field 

is independent of intrinsic region thickness. So although the 0.5-µm long 

device exhibits 1/2 the space charge electric field (figure 6.16) as the 0.95-

µm long device (figure 6.6), the device area, and hence the incident spot 

size, must also be twice as small for the 0.5-µm long device as the 0.95-

µm long device, accounting for the similarities in the device NL. 

Actual microwave PDs experience an equivalent 50 .Q load resistor 

(transmission line) which results in lower threshold PD currents for 

shorter intrinsic region devices. The same potential drop across a 50 .Q 

load resistor results in double the intrinsic region electric field decrease 

for the 0.5-µm long device compared to the 0.95 µm device, thereby lower

ing the threshold PD current. Figure 8.12 displays this where the 0.5-µm 

long device is simulated with and without a load resistor. The threshold 

PD current has decreased from 30 mA to 12 mA. These results imply 

that thicker intrinsic region devices have both higher threshold PD cur

rents and lower NL. 

Summary 

This chapter studied the device limiting nonlinearities and the 

implications that the intrinsic region length and device area have on the 

device nonlinearity. A new concept of threshold PD current was intro

duced and utilized to compare PD nonlinear behavior between devices 

with different intrinsic region lengths at high PD currents. It was 
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shown that the intrinsic region doping density has very little effect on the 

total device NL, while longer intrinsic region lengths lower device NL for 

PDs with capacitively-limited bandwidths . Therefore, a high-power 

high-frequency low-nonlinearity device should be designed with three 

main considerations. The intrinsic region should be as thick as possible, 

within the allowed transit time frequency response, to minimize the non

linearities caused by a 50 Q load resistor and to maximize the quantum 

efficiency. The device area should be as large as possible, within the 

allowed capacitively-limited bandwidth, to minimize the nonlinearities 

from the space-charge electric field. The device should also be fabricated 

without absorbing regions (undepleted) near the intrinsic region, to sub

stantially lower the nonlinearities generated in this region. 
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IX. CONCLUSION 

The nonlinearities in p-i-n photodiodes have been systematically 

measured and numerically modeled. Harmonic distortion measurements 

with greater than 130 dB dynamic range were made with two single

frequency Nd:YAG lasers offset-phased-locked to a stable microwave refer

ence. The obtained dynamic range is 50 to 70 dB higher when compared to 

any other available source. The laser system was also used to measure the 

photodiode frequency response and the sinusoidal time output for low and 

high power densities. Measurements at power densities greater than 3 

kW/cm2 revealed reductions in the photodiode response of a few dB. Mea

surements of the sinusoidal time output at power densities of 4 kW/cm2 re

vealed easily discernible distortions such as second harmonics of -20 dBc 

and frequency dependent phase shifts of 10 to 25°. 

A semi-classical approach to solving photodiode carrier transport 

was conducted. This approach required the simultaneous solution of 

three coupled nonlinear differential equations: Poisson's equation and the 

hole and electron continuity equations. These transport equations were 

numerically solved in the case of a one-dimensional InGaAs/InP p-i-n 

structure, including the undepleted p- and n-regions for completeness. 

Several transport properties and characteristics specific to InGaAs 

were included in the model. The electric field dependence of both the hole 

and electron velocity were included to account for velocity saturation (both 

carriers) and velocity overshoot (electrons only). Mobility reduction at high 

carrier densities due to scattering mechanisms was included to describe 

the carrier movement in the bulk regions where the carrier densities are 

approaching 1019 cm-3 . Diffusion was included in the model. Particular 
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attention was given to the electric field dependence of the diffusion con

stants and to limiting the diffusion currents using a physical argument 

rather than artificially limiting the numerical solution to avoid numerical 

oscillations. 

The effects of the heterojunction(s) were included by neglecting hole 

transport from the intrinsic region into then-type substrate where the het

erojunction appears as a 0.5 eV barrier to hole flow. The 0.1 eV barrier to 

electron flow from the intrinsic region into the n-type substrate was ne

glected due to the high velocity of the electron towards the barrier com

bined with its low effective mass. A second heterojunction, if present, was 

included with similar assumptions. 

After a discussion of the transport mechanisms, the transport equa

tions were expanded to explain how nonlinear terms enter the equations. 

Nonlinear terms arise when the carrier velocities are a function of the car

rier densities. However, this does not restrict the carrier velocities from 

being functions of position or time alone, as long as these functions do not 

have an underlying carrier-density dependence. Additional nonlinear 

terms arise when the diffusion terms and the recombination terms have 

underlying carrier-density dependencies. 

Nonlinearities caused by carrier-dependent carrier velocities are 

shown to be due to several intermediate mechanisms. Space-charge elec

tric fields, lower mobilities due to scattering, loading in the external cir

cuit, and absorption in undepleted regions next to the intrinsic region all 

contribute to the nonlinear output through the carrier-density-dependent 

carrier velocity. As the generated carriers drift towards their respective 

bulk regions, they induce a space-charge electric field . As the space-
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charge field increases, a redistributed electric field results in changing 

hole and electron velocities via Poisson's equation and their respective 

electric-field dependencies. Since the electron velocity does not fully

saturate for electric fields below 200 kV/cm, this nonlinear mechanism 

can never be fully removed from the transport equations. Potential drops 

in the external circuit result in lower intrinsic region electric fields caus

ing additional changes in the hole and electron velocities . Another carrier 

velocity change occurs from the decrease in the carrier mobilities as a re

sult of carrier-carrier scattering mechanisms. An empirical relationship 

is used to incorporate these effects in the transport equations. Absorption 

in undepleted regions next to the intrinsic region were shown to introduce 

nonlinearities since the electric field in this region is proportional to the 

total current. Therefore, the carriers generated in these regions travel 

with velocities which are directly proportional to the current and hence the 

carrier densities. 

Using a very powerful, high dynamic range, photo diode nonlinear

ity measurement set-up and resorting to numerical analysis to simulate 

carrier transport in a p-i-n diode structure, a systematic study into photo

diode nonlinearities was conducted. Numerical modeling of the photodi

ode response was performed to investigate and isolate the various nonlin

ear mechanisms . The simulation results were first used to methodically 

reduce the set of possible nonlinear mechanisms to smaller, manageable 

subsets. 

To reduce the set of possible nonlinear mechanisms, three regions of 

applied voltage and two frequencies were used. The voltages and frequen

cies were chosen to emphasize the dominant nonlinear mechanisms and 
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their region of importance. It was determined that for intrinsic region 

electric fields below 50 kV/cm (-5 V across a 0.95-µm long intrinsic region 

photodiode), the nonlinearities were influenced primarily by the space

charge electric-field-induced change in the hole and electron velocities. 

Best-fit simulation results were obtained in this region of applied voltage 

with a simulation spot size 70% of the e-2 incident intensity spot size and a 

hole mobility of 150 cm2Ns. For intrinsic region electric fields between fi) 

kV/cm and 100 kV/cm, the contribution to the overall nonlinearity was 

shown to be influenced primarily by two mechanisms. The electron veloc

ity change was shown to account for the nonlinear behavior at frequencies 

above 5 GHz, while the p-region absorption was shown to account for the 

nonlinear behavior at frequencies below 1 GHz. When the intrinsic region 

electric field increases to greater than 100 kV/cm, only the p-region ab

sorption could explain the observed nonlinear behavior for frequencies 

below 10 GHz. It was determined that only 8 to 14 nm of undepleted ab

sorbing material next to the intrinsic region was sufficient to cause second 

harmonic distortion levels of -60 dBc at 1 mA of average photodiode cur

rent. This is the first time that this region was shown to dominate the 

nonlinearities at high electric fields. 

After determining the origins of basic nonlinearities at low intensi

ties, simulations were performed at high power densities. These simula

tions provided valuable insight into the dynamics of carrier movement 

under high power density operation. To predict the observed response re

ductions and sinusoidal time-output distortions, 20 to 30% smaller spot 

sizes were required. This was explained in terms of a two-dimensional 

carrier motion in the intrinsic region. An approximation for the radial 
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electric field was implemented to determine the importance of the radial 

flow. This approximation established the existence of a radial component 

of electron velocity towards the center of the incident Gaussian beam. 

Under certain operating conditions, the magnitude of the average radial 

electron velocity was estimated to be the same size as the axial electron ve

locity. Two-dimensional movement (electron focusing) thus accounted for 

the 20% decrease in spot size required to fit the measurement data. Very 

good agreement at high power densities between measurement and simu

lation results were obtained. 

The model was extended to predict the maximum current a photodi

ode can handle before a sharp increase in nonlinear output occurs. For 

capacitively-limited devices operating with the largest allowable incident 

spot size, it was shown that the nonlinearities induced by the space-charge 

electric field were independent of the intrinsic region length. However, 

loading in the external circuit was determined to result in higher nonlin

earities as the intrinsic region length decreases. It was thus concluded 

that the photodiode with the lowest possible nonlinearities should be con

structed without undepleted absorbing regions near the intrinsic region, 

with the longest intrinsic region allowed from transit time considerations, 

and with an incident spot size which fills the capacitively-limited device 

area. With such a device, an improvement in the second harmonic of 40 to 

60 dB can be obtained compared to currently available devices . It was also 

determined that maximum photodiode currents of 30 to 50 mA should be 

attainable in a p-i-n photodiode structure, with minimum nonlinearities. 

Although this study significantly advances our understanding of 

photodiode nonlinearities, more work remains . At high applied voltages, 
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the nonlinearities are dominated by the p-region absorption. Absorption in 

undepleted regions is common to many photodiode types. Waveguide de

signs, p-i-n designs, and MSM designs all utilize p-contacts to lower con

tact resistances. Double heterostructure designs offer the most promising 

hope for eliminating this source of nonlinearity, however, the grading lay

ers utilized near the p-i interface and the specifics concerning carrier 

movement in this region require further investigation to determine 

whether this nonlinear mechanism can be effectively reduced. Some ad

vantage may be gained by using a heterostructure material which has 

only a slightly higher bandgap than the absorbing material. Although 

this will limit the useful wavelength range which attains high linearity, it 

may lessen the requirements on the grading layers. 

Specific issues related to material properties of InGaAs also needs to 

be investigated. Material properties in highly-doped regions such as the 

minority carrier lifetime and carrier velocities versus doping density are 

not well known and require additional work. Measurements of the hole 

velocity below 50 kV/cm are also needed. Additional work is needed con

cerning carrier flow near the p-i junction. This will help to determine 

which specific mechanisms control the nonlinearities associated with the 

p-region absorption. As devices are designed to handle currents greater 

than 10 mA, additional work is needed to determine if two-dimensional 

carrier movement places any additional limitations on the maximum pos

sible photogenerated currents. 
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