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ABSTRACT 

This dissertation presents results pertaining to the mathematical 

modeling of semiconductor photoconductors and includes the formulation, 

analysis, and solution of photoconductive device model equations. The 

fundamental semiconductor device equations of continuity and transport 

are derived for the case of a material which contains a large density of 

deep-level impurities. Electron and hole trapping on deep-level impurities 

is accounted for by trapping-kinetics rate equations. The coupling between 

carrier drift and the electric field is completed through Poisson's equation. 

Simple, nonlinear model equations are presented for bulk-material 

response based on the dynamics of electron and hole trapping and recombi­

nation on deep-level impurities. The characteristics of the solution to these 

model equations are observed to depend strongly on the excitation inten­

sity. These model equations qualitatively reproduce observed experimental 

behavior of an iron-doped indium phosphide photoconductor. 

A theory of the effect of deep-level centers on the generation­

recombination noise and responsivity of an intrinsic photoconductor is pre­

sented. It is shown that the deep-level centers can influence the generation-

x 



xi 

recombination noise and responsivity in three main ways: (i) they can 

shorten the bulk carrier lifetime by Schockley-Read-Hall recombinationj 

(ii) for some values of the capture cross sections, deep-level densities, and 

temperature, the deep-level centers can trap a signifi~ant fraction of the 

photogenerated minority carriers. This trapping reduces the effective mi­

nority carrier mobility and diffusivity and thus reduces the effect of carrier 

sweep out on both generation noise and responsivityj (iii) the deep-level 

centers add a new thermal noise source, which results from fluctuations 

between bound and free carriers. The strength of this new noise source 

decreases with decreasing temperature at a slower rate than band-to-band 

thermal generation-recombination noise. 

Photoconductive device model equations based on time-dependent, 

convective/ diffusive transport equations are presented. The system of model 

equations is solved numerically with boundary conditions that represent 

ideal ohmic contacts. Computed results are presented for different pho­

toconductor lengths and bias voltages with spatially uniform, rectangular 

light-pulse illumination. 



CHAPTER 1 

INTRODUCTION 

Photoconductivity is an increase in the electrical conductivity of 

a material resulting from the absorbtion of radiation. A photoconduc­

t'or is a two-terminal semiconductor device whose electrical conductivity 

is controlled by radiation absorbed by the device. The conductivity may 

be very low before the incidence of radiation and can be greatly increased 

by the absorption of radiation. The increase in electrical conductivity of 

a semiconductor photoconductor results from the generation of free (mo­

bile) electrons and holes by the absorbed radiation energy (see figure 1.1). 

The negatively charged electrons and positively charged holes can move 

in the semiConductor under the influence of an applied electric field. The 

movement of the electrons and holes constitutes a flux and, since they 

are electrically charged, we speak in terms of an electrical current. The 

response of the photoconductor, Le., the magnitude of the electrical cur­

rent, is a function of the characteristics of the semiconductor material, the 

1 
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Figure 1.1: A generic semiconductor photoconductor in operation. 
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device construction, the device operating conditions, and the characteristics 

of the applied radiation. This dissertation presents results pertaining to the 

mathematical modeling of semiconductor photo co conductors and includes 

the formulation, analysis, and solution of photoconductive device model 

equations. 

Applications of Photoconductors 

The use of photoconductors is restricted to a somewhat limited 

range of applications. Photoconductors are not a common component in 

electronic engineering and the use of photoconductors is fairly specialized. 

. Perhaps the primary application of photoconductors is as pho­

to detectors and radiation detectors. The source of excitation in these ap­

plications may be photons or ionizing radiation in the form of charged 

particles such as electrons or protons. The photoconductor may be used to 

detect either a single photon or a charged particle, or a flux of photons or 

particles. In most of these applications temporal information is required, 

therefore, the characteristics of the time-dependent (transient) response of 

the photoconductor are of interest. The time scale on which the incident 

excitation varies may range over many orders of magnitude depending on 
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the particular applicat~~n. The response characteristics of the photocon­

ductor over a wide range of intensity of the incident excitation are also of 

great importance. 

A more recent application of photoconductors has been as electri­

cal switching elements. These applications are closely coupled with the 

development of pulsed laser systems. On one end of the spectrum of 

these applications, photoconductors are used, along with lasers producing 

subpicosecond-wide pulses, in high-speed signal generation and sampling 

systems. The time resolution achievable using this measurement technique 

is many times greater than that obtainable using sampling techniques based 

on standard high-speed semiconductor devices. With this technique it is 

possible to do large-signal, transient characterization of microwave devices. 

At the other end of the spectrum, photoconductors are used, along with 

powerful nanosecond pulsed lasers, as high-voltage, high-power switches. 

The advantages of high speed and electrical isolation, compared to stan­

dard pulsed-power devices such as thyratrons, makes photoconductors a 

viable choice for certain advanced applications. In these applications the 

time-dependent response of the photoconductor is, again, of primary im­

portance. 
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The Time-dependent Response of Photoconductive Devices 

The time-dependent response of a photoconductor is a function 

of the characteristics of the semiconductor material, the device construc­

tion, the device operating conditions, and the characteristics of the incident 

radiation. 

Semiconductor materials used as photoconductors are generally 

chosen to have a high electrical resistivity so that the current composed 

of thermally generated electrons and holes under conditions of no inci­

dent radiation is relatively small. High resistivity semiconductors are often 

produced by doping the material with deep-level impurities. A deep-level 

impurity has an energy state that is near the middle of the semiconductors 

band gap and provides a mechanism by which the thermally generated elec­

tron and hole densities can be reduced. The mechanism is that a mobile 

electron or hole can be captured or trapped on a deep-level impurity with 

an appropriate charge state. This lowers the resistivity of the material and 

pins the Fermi energy level near the center of the band gap. These types of 

semiconductor materials are known as semi-insulating and are often used 

as photoconductors. 
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The deep-level impurities also capture electrons and holes pro­

duced by incident radiation. This process is a source of nonlinearity because 

the rate at which electrons and holes are captured on deep-level impurities 

is proportional to the product of the free carrier density and the density 

of appropriate deep-level impurities available to capture that carrier type. 

The presence of deep-level impurities gives the photoconductor a faster 

response decay time by reducing the mean carrier lifetime. 

Deep-level impurity trapping and recombination processes will be 

discussed in more detail in the second section of chapter 2. A simple, non­

linear model of photoconductor response based on deep-level trapping is the 

subject of chapter 3, and the effects of deep-level centers on the generation­

recombination noise and responsivity of intrinsic photoconductors is the 

subject of chapter 4. 

The device construction is another factor in the response of a 

photo conductor . The dev:ice geometry and size may vary considerably de­

pending on the particular application for which it is to be used. One com­

mon photo conductor geometry is that of a gap in a microstrip or coplanar 

transmission line constructed using a high-resistivity semiconductor mate­

rial as the dielectric. This geometry is used in applications where high-speed 
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operation is critical, such as in picosecond pulse generation and sampling. 

Another geometry is that of a block of semiconductor material with the 

electrical contacts fabricated on opposing faces of the block. Photoconduc­

tors with this geometry may range in size from less than 1 mm on a side 

to greater than 1 cm on a side. 

The properties of the electrical contacts are another factor of the 

device construction which has an effect on photoconductor transient re­

sponse. Very little is understood about the characteristics of semiconductor 

electrical contacts. For the work presented in this dissertation, the electri­

cal contacts will be assumed to be ohmic and to have an infinite surface 

recombination velocity. 

The operating conditions of a photoconductor are determined by 

the applied bias voltage and the characteristics of the external circuit in 

which the photoconductor operates. For most applications, the external 

circuit can be assumed to be resistive and constant. Two basic types of 

operation can be defined based on the relative value of the minimum elec­

trical impedance which the photoconductor obtains under illumination and 

the impedance of the external circuit. If the photoconductors impedance 

always remains much greater than that of the external circuit impedance, 
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the bias voltage applied to the photoconductor can be assumed to remain 

constant. This is the case for most detector and ·sampling applications. 

If the photo conductor impedance becomes comparable to or less than the 

circuit impedance, such as in a switching application, then the bias voltage 

applied to the photoconductor will vary in time as. a function of the total 

current and the circuit impedance. The results presented in this disser­

tation are for the case of relatively high photo conductor impedance, thus, 

constant bias voltage is assumed. The ratio of the applied bias voltage 

to the length of the photoconductor is an important parameter in that it 

gives the equilibrium electrical field strength in the photoconductor. The 

force on an electron or hole is proportional to the strength of the electric 

field and, therefore, the convective (drift) component of the current will be 

greater for a stronger electric field. 

The type of radiation incident on the photoconductor influences 

the response by the way in which it is absorbed by the semiconductor ma­

terial. The absorption of photons or ionizing particles creates electrons 

and holes in pairs with the number of electron-hole pairs produced de­

pending on the intensity and energy of the radiation. The absorption 

of radiation is characterized by an absorption length which assumes an 
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exponential absorption profile of the radiation in the material. For visible 

light the absorption length is generally quite short (on the order of 1 ~m) 

and, therefore, the elecrtron-hole pairs are produced in a relativley small 

volume near the surface of the photoconductor. High-energy photons and 

particles penetrate much deeper into the material producing bulk excita­

tion. For the case of suface absorption, the characteristics of the surface of 

the semiconductor may have an effect on the response of the device. Sur­

face effects are inherently quite complicated and, for the work presented in 

this dissertation, it will be assumed that the photoconductor is bulk excited 

and surface effects can be neglected. 

The development of photoconductive device model equations which 

include the characteristics of the semiconductor material, the device con­

struction, the device operating conditions, and the characteristics of the 

incident radiation is the subject of chapter 2. The solution of this system 

of time-dependent partial differential equations for a variety of cases is the 

subject of chapter 5. 



CHAPTER 2 

GOVERNING EQUATIONS 

In this chapter time-dependent semiconductor device equations 

of continuity, transport, carrier interaction with deep-level impurities, and 

electric potential dependency are derived. From Maxwell's equations, con­

tinuity equations are derived for electron, hole, and deep-level charge state 

densities. Poisson's equation, which relates the dependency of the electric 

field on space charge, is also derived from Maxwell's equations. A reduction 

of the Boltzmann transport equation yields the current relations for elec­

trons and holes in a semiconductor. A discussion of the kinetics of carrier 

trapping on deep-level impurities, an important process in many photo­

conductors, is presented and model equations for this process are given. 

The resulting system of nonlinearly coupled partial differential equations 

describes the electrodynamic behavior of semiconductor devices in terms of 

carrier densities, deep-level charge state densities, and electric potential. 

10 
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Basic Semiconductor Device Equations 

Maxwell's Equations 

Maxwell's equations describe the evolution of electromagnetic field 

quantities and can be written in MKS rationalized units as: 

an 
v x H = J + at' (2.1) 

aB 
v x E+ at = 0, (2.2) 

V·D =p, (2.3) 

V·B = 0, (2.4) 

where E and D are the electric field and displacement vectors, H and B 

are the magnetic field and induction vectors, J is the conduction current 

density, and p is the electric charge density. Equation (2.1) is Amperes's 

law to which Maxwell added the dispalcem.ent term 88~ which "is required 

to make the system of equations consistent. Equation (2.2) is Faraday's 

law, equation (2.3) is Coulomb's law, and equation (2.4) states the absence 

of magnetic monopoles. For macroscopic media, the dynamical response 

of the aggregate atoms is summarized in the constituative relations which 



connect D and J with E and H with B. 

D=€E 

J = O'E 

B=JLH 

12 

(2.5) 

(2.6) 

(2.7) 

The permittivity €, conductivity 0', and permeability JL are, in general, ten­

sors, but for semiconductors which are isotropic, permeable, and conducting 

they reduce to scalar parameters. 

Maxwell's equations consist of a set of four, coupled, first-order 

partial differential equations relating the various components of electric 

and magnetic fields. It is usefull to introduce two potentials which allow 

these four first-order equations to be written as two second-order equations. 

These potentials are the scalar electric potential t/J and the magnet vector 

potential A. Since V·B = 0, B can be defined in terms of a vector potential 

Aas 

B = V x A. (2.8) 

Faraday's law (2.2) can then be written as 

V x [E + ~~ 1 = o. (2.9) 

--------_.- --- --
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This means that the quantity with the vanishing curl in equation (2.9) 

can be written as the gradient of some scalar function, namely, the scalar 

electric potential 'Ij;. 

or 

aA 
E+-=-V'Ij; at 

aA 
E=-V'Ij;-­at 

(2.10) 

(2.11) 

The definition of Band E in terms of the potentials A and 'Ij; acccord-

ing to equations (2.8) and (2.11) satifies identically the two homogeneous 

Maxwell's equations. The two inhomogeneous equations determine the dy-

namic behavior of A and 'Ij;. Writing these two inhomogeneous equations 

in terms of A and 'Ij; we get 

2 a2
A [ a1/J] V A - fJl.- - V V· A + €Jl.- =-p,J at2 at (2.12) 

and 

2 a 1 
V 'Ij; + -V· A = --po at f 

(2.13) 

The set of four Maxwell's equations has been reduced to a set of 

two coupled equations, (2.12) and (2.13), by introducing the potentials A 

and 'Ij;. These equations can be uncoupled by exploiting the fact that an 

arbitrary factor can be added to the definition of the potentials. For the 
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definitation of B in terms of A, the choice of A is arbitrary in that the 

gradient of some scalar function ~ can be added. Thus the definition of B 

is left unchanged by the transformation 

A--+A+V~. (2.14) 

In order that the definition of the electric field E remain unchanged, the 

simultaneous transformation 

(2.15) 

is made. The potentials A and t/J are now free to be chosen such that 

at/J 
V . A + fJ.l. at = o. (2.16) 

This uncouples equations (2.12) and (2.13) which can then be written as 

(2.17) 

and 

(2.18) 

This set of two, uncoupled, second-order equations, along with 

equation (2.16), is equivalent to the four Maxwell's equations in every re-

spect. These equations are hyperbolic and exemplify the propagating na-

ture of electromagnetic disturbances. The quantity fJ.l. is related to the 
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velocity of propagation U of electromagnetic radiation by the equation 

1 
U=-. 

,ftP. 
(2.19) 

The electric permittivity e and the magnetic permeability J.£ are written in 

terms of their free space values, Eo and J.£o, times their values relative to free 

space, €r and J.£r, as 

(2.20) 

and 

(2.21) 

The value of the free space permittivity is Eo = 8.845 X 10-14 F /cm and the 

value of the free space permeability is J.£o = 41(' X 10-9 H/cm. The velocity 

of propagation can then be written as 

(2.22) 

where c = 1/ Vt.oJ.£o is the velocity of light in free space. For semiconduc-

tors the relative permittivity or dielectric constant €r is on the order of 10 

and the relative permeability J1.r is very close to 1 so that electromagnetic 

disturbances travel at - l the velocity of light. 

Equation (2.18) is recognized as being the complete form of Po is-

son '5 equation. For most semiconductor devices the time scale on which 
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the device operates is much longer than the time that it takes an electro-

magnetic disturbance to travel the length of the device. This allows the 

second-order time derivative term in equation (2.18) to be neglected giv-

ing the elliptic form of Poisson's equation which will be used in modeling 

photoconductive devices. 

(2.23) 

Continuity Equations 

The continuity equations for electrons and holes can be derived 

directly from the first Maxwell equation (2.1). Applying the divergence 

operator to this equation gives 

ap 
V . (V X H) = V . J + - = o. at (2.24) 

In a semiconductor the conduction current J results from the flow of elec-

trons and holes and can be written as the sum of an electron component 

I n and a hole component J p • 

(2.25) 

The charge density p, however, depends not only on the mobile electrons 

and holes, but on the charge states of any impurities or other sites in the 
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crystal lattice which may develop a charge state by ionization or by cap-

turing or trapping mobile electrons and holes. If we assume for a moment 

that there are no other charged species present other than electrons and 

holes, the charge density p can be written as 

p(r, t) = q[p(r, t) - n(r, t)], (2.26) 

where q = 1.602 X 10-19 C is the electronic charge, p(r, t) is the density of 

holes and n(r, t) is the "density of electrons. Equation (2.24) can then be 

written as 

(2.27) 

This equation of continuity relates the sources and sinks of the total con-

duction current to the time variation of the mobile charge. The goal is 

to obtain a separate continuity equation for the electron and hole dens i-

ties. In a photoconductor electrons and holes are generated in pairs by the 

excitation which leads to the introduction of an electron-hole-pair gener-

ation term G{r, t). Electron-~ole pair reduction can also occur through a 

process known as band-to-band recombination which is written as RB{r, t). 

The splitting of equation (2.27) can now be accomplished using these two 
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presently undefined functions. 

an 1 
-=G-RB+-V·J at q n 

(2.28) 

ap 1 
-=G-RB--V·J at q P 

(2.29) 

No new information is gained by writing equation (2.27) as two 

separate equations, but it does lead to some insight into the relationship 

of electrons and holes. The quantity (G - RB ) is seen to be a function 

representing the generation and recombination of electrons and holes in 

pairs. The function G(r, t) which represents the generation of elect on-hole 

pairs by the excitation applied to the photoconductor is easily understood 

in terms of the ab.sorption of the excitation radiation in the semiconductor. 

(A small density of electron-hole pairs is also produced thermally.) The 

function RB(r, t), which represents electron and hole recombination in pairs, 

requires knowledge of the physics of semiconductors in order to be defined. 

For the case of charge trapping, which is commonly important in 

the materials ~sed as photo conductors, equations of continuity are required 

for the various types of trapping sites in the material. In order to illustrate 

the formulation of these required equations, the simple case of a single type 

of charge trapping site which can exist in either a neutral or a negative 
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charge state is considered. A site which has a neutral charge state can 

capture (trap) an electron thereby becoming negatively charged, and a site 

in a negatively charged state can capture a hole and become neutral. The 

inverse process of thermal emission of an electron or hole from a deep-level 

also exists. In most cases this process will be insignificant, so terms repre­

senting this process are not included in the governing equations presented 

here. 

We will represent the density of neutrally charged trapping sites 

as nT( r, t) and the density of negatively charged trapping sites as nT (r, t). 

Because the trapping sites themselves are nonmobile and are always con­

sidered to remain active, th".:! two charge state densities are related by 

(2.30) 

where NT is the total density of trapping sites. NT does not vary with time 

and will be assumed to be spatial uniform. Because nT and nT are related 

by the constant NT, only a single continuity equation is required to account 

for the trapping dynamics. Choosing nT as the variable in which to write 

this continuity equation gives 

p(r,t) = q[p(r,t) - n(r,t) - nT(r,t)]. (2.31) 
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Equation (2.24) can then be written as three separate continuity equations. 

an 1 at = G - RB - R,.. + q V . I n (2.32) 

ap = G - RB - R -! V . J at P q p 
(2.33) 

anT = R,..-R at P 
(2.34) 

The function R,..(r, t) accounts for the trapping of electrons on neutrally 

charged sites and the function Rp(r, t) accounts for the trapping of holes 

on negatively charged sites. These functions are, as yet, undefined and will 

be discussed in detail in the section of this chapter on deep-level impurities 

and trapping kinetics. 

Boltzmann Transport and the Current Equations 

To complete the system of equations which are used in semicon-

ductor device modeling, equations relating the electron and hole currents 

to the carrier densities and electric field are required. These equations are 

derived from transport theory based on the Boltzmann transport equation. 

The considerations necessary to derive the current equations in detail are 

based on an extremely wide range of physics which will not be presented 

here. In this section only a superficial derivation of the current equations 

will be presented. 
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For the purpose of analysis, a semiconductor can be thought of 

as consisting of three interacting components: the crystal lattice structure 

and two fluids. One fluid consists of the conduction band electrons, and the 

other consists of the valence band holes. The quantum theory of transport 

would be used to describe this system from first principles, but this ap­

proach would not yield macroscopic model equations. A semiclassical, sta­

tistical approach is employed to describe the behavior of conduction band 

electrons and valence band holes where quantum effects are accounted for 

by phenomenological macroscopic models. Because electrons and holes in 

a semiconductor are dual particles, the derivation of the current equations 

will be presented only for the conduction band electrons. The derivation 

of the valence band hole current equation would follow in an analogous 

manner. 

A complete description of the evolution of a system of parti­

cles in time under the action of forces is given by the Liouville equa­

tion. The Boltzmann equation, which gives a semiclassical description in 

terms of a d.istribution function, has proven to be the most useful in the 

the study of transport processes. The Boltzmann equation is an integro­

differential equation in seven independent variables: the position vector r, 

----------------------------------.-----------------------------
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the momentum vector k, and time t. It can be written for conduction band 

electrons as 

(2.35) 

where r(r,k,t) is the conduction band electron distribution function, D/ Dt 

is the convective derivative, and Cc:[r] represents the conduction band elec-

tron collision integral. The collision integral will, in general, contain many 

terms each accounting for one of the various collision processes that a par-

ticle can participate in, such as scattering by a phonon. The convective 

derivative can be expanded as 

(2.36) 

The time rate of change of position and momentum are known to be 

and 

ar 
--v at - n 

ak Fn 
at = T' 

(2.37) 

(2.38) 

where Y n is the electron group velocity, F n is the external force on the 

electron, and Ii. = 1.055 X 10-3~ J-sec is Plank's constant divided by 211". 
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The collision integral accounts for the internal forces resulting from collision 

processes. Using the relaxation time approximation, the collision integral 

i~ written as 

(2.39) 

where f! is the thermal-equilibrium distribution function and Tn is the time 

constant for the return to equilibrium of a perturbed distribution function. 

Using relations (2.37) and (2.38) and the relaxation time approximation 

(2.39), the Boltzmann transport equation is written as 

(2.40) 

The Boltzmann transport equation is then multiplied by v n and integrated 

over the Brillouin zone in momentum space. The resulting four integrals 

are well known and are presented here without derivation as 

1 ar 411"3 :t (nvn), (2.41) vn·-·elk -
BZ at 

h v n · (vn ar ) . elk 3 1 a ( ) (2.42) - 411" -8 kBnTL , 
BZ ar m~ r 

!, v.' (F.8r ) . dk 3 1 (2.43) - -411" -F n 
BZ Ii ak • n , 

mn 

1 (r- FC
) 3 1 

(2.44) v n . o·elk - 411" -nvn, 
BZ Tn . Tn 

where n(r, t) is the electron density, m~ is the electron effective mass, kB is 
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Boltzmann's constant, and TL is the lattice temperature. The Boltzmann 

transport equation after the integration can then be written as 

(2.45) 

This equation is a macroscopic force balance equation . . 
The external force F n results from electromagnetic effects on the 

negatively charged electrons. IT the Lorentz force proportional to the mag-

netic induction B is neglected, F n can be written in terms of the electric 

field E as 

Fn = -qE. (2.46) 

The goal of this derivation is to find an expression which relates 

the electron current to the electron density and the electric field. The 

electron current can, in general, be written as the product of the electronic 

charge, the electron density, and the average electron velocity. 

An effective electron mobility J1.n is defined as 

qTn 
J1.n =-. m· n 

(2.47) 

(2.48) 
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Multiplying equation (2.45) by qTn and making use of equations (2.46), 

(2.47), and (2.48) gives 

(2.49) 

The average collision time Tn is very small, typically less than one picosec-

ond. Equation (2.49) can therefore be thought of as being singularly per-

turbed in time. It is natural to consider a solution based on an expansion in 

terms of powers of the perturbation parameter Tn. Keeping only the zeroth 

order term of the expansion gives 

(2.50) 

This equation is a formal approximation of order Tn. 

It is further assumed that the lattice temperature TL is constant 

and that the Einstein relation 

Dn = kBTL J.Ln 
q 

(2.51) 

is valid to define the diffusion coefficient Dn. This gives the final result 

for the electron current in terms of the sum of a drift component and a 

diffusion component. 

(2.52) 

-----------------------------_._- --
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In an analogous manner, an expression for the hole current is found to be 

(2.53) 

Deep-level Impurities and Trapping Kinetics 

The system of semiconductor device governing equations derived 

in the first section of this chapter can be thought of as consisting of four 

components. The first, and main, component is comprised of the equations 

of continuity which are written in terms of the density of the dynamically 

variable charged species. The continuity equations contain terms for the 

generation and reduction of the densities of the species and, if the species 

are mobile, a term for transport. Secondly, there are the current transport 

equations for the mobile electrons and holes which define the flux (current) 

in terms of the densities. The third component of the governing equations 

is Poisson's equation which relates the electric potential and the electric 

field (the driving force behind the convective component of the flux) to the 

spatial distribution of the charged species. This is an important source of 

coupling in the system of equations. The final component of the governing 

equations is that of relations describing the generation and reduction of 

electrons and holes. These relations further couple the system of continuity 
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equations. The photogeneration of electron-hole pairs is defined in terms 

of the characteristics of the absorption of the incident excitation by the 

photoconductor. The reduction of electron and hole densities through the 

trapping process is the subject of this section. 

Band Structure and Deep-level Trapping 

In discussing the generation and reduction of electron and hole 

densities, it is useful to consider a simple valence and conduction band 

diagram. This diagram relates electron and hole interactions with energy 

transitions. In this diagram, energy is plotted on the vertical axis. The 

horizontal axis can represent spatial position, but this is not important for 

the purposes of this discussion. 

The generation of electron-hole pairs (referred to as a band-to­

band process) by thermal or photo-induced processes is driven by the trans­

fer of sufficient energy (greater than the bandgap energy) from a phonon 

or photon to a nonmobile valence band electron causing it to undergo an 

energy transition to the conduction band where it is mobile. A mobile 

hole is simultaneously generated in the valence band. This hole can be 

thought of as a quasiparticle representing the vacancy produced by the 
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electron transition from the 'Valence band to the conduction band. The 

inverse process, that of band-to-band recombination, is represented as a 

transition in the opposite sense and is accompanied by a release of energy. 

These processes are shown in figure 2.1. The thermal band-to-band gener­

ation process and the band-to-band recombination process proceed at the 

same rate when the semiconductor material is in thermal equilibrium. This 

thermodynamic law is referred to as detailed balance. It is important to 

remember that the equations are written in terms of the mobile conduction 

band electrons and the mobile valence band holes. 

A deep-level impurity is represented as having an energy state near 

the center of the bandgap. Transitions of electrons or holes to and from 

a deep-level energy state are dependent on the charge state of the deep­

level site. Both thermal emission of electrons or holes from deep levels 

and trapping of electons or holes on deep levels are possible. The possible 

transitions for the case of a deep-level site which can exist in only the 

negative or neutral charge states are shown in figure 2.2. The ,law of 

detailed balance applies and, at thermal equilibrium, each process and its 

inverse proceed at the same rate. 
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Trapping Kinetics Modeling 

Expressions relating the rate functions Rn and Rp to the various 

densities are required to complete the derivation of the system of governing 

equations. As is the case in many dynamical systems, the rates are assumed 

to be proportional to the product of the density of species available to make 

the transition and the density of sites available to accept these species. 

Using this common idea, the rate functions are written as 

(2.54) 

. and 

. (2.55) 

for the case of deep levels which can exist in either a neutral or negative 

charge state. The rate constants Bn and Bp can further be defined in terms 

of physical characteristics of the species making the transition and the deep 

level as 

(2.56) 

(2.57) 

Here < Vn > and < vp > are the electron and hole thermal velocities, 

and Un and up are the electron and hole capture cross sections on a deep-
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level trapping site. The rate functions for the inverse process of thermal 

emission from a deep level and for band-to-band recombination can be 

written in a similar manner. The process of trapping of electrons and holes 

on deep levels is sometimes referred to as trap assisted recombination or as 

Schockley-Read-Hall recombination. 

----------------------_._---_ .. __ ......... ------



CHAPTER 3 

NONLINEAR BULK MATERIAL RESPONSE RESULTING FROM 

DEEP-LEVEL TRAPPING 

In this chapter eXperimental transient response data for iron­

doped indium phosphide (InP:Fe) photo conductors subject to impulse and 

rectangular-pulse excitation over a wide range of intensities is presented. 

The photo conductor temporal response is observed to depend strongly on 

the excitation intensity. A model for bulk-material response based on the 

dynamics of electron and hole trapping and recombination on the deep­

level iron impurities is presented. The model qualitatively reproduces the 

observed experimental behavior. 

Introduction 

A material of interest for photoconductive applications is iron­

doped indium phosphide (InP:Fe). The iron in indium phosphide is a deep 

acceptor and provides a mechanism by which free electrons and holes can 

33 
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recombine. The presence of this trapping mechanism reduces the charac­

terictic lifetime of the photogenerated carriers, thereby giving the. material 

a faster response time than if the iron impurities were not present. The 

iron can also pin the Fermi energy level near the center of the band gap 

causing the material to be semi-insulating. 

In this chapter, experimentally observed transient response char­

acteristics of InP:Fe photoconductors are presented. A simple model of 

the bulk-material transient photoconductive response for InP:Fe based on 

the trapping and recombination of electrons and holes on the iron sites 

is developed. The characteristics of this bulk-material-response model are 

compared with the experimentally observed behavior and qualitative agree­

ment between the model and the observations is found. 

The chapter is organized as follows: in the second section, experi­

mental observations of the transient response of InP:Fe photoconductors are 

presented; the third section contains the development of the model equa­

tions and computational results based on these equations; and in the fourth 

section, the ability of the model equations to describe the experimentally 

observed behavior is discussed. 
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Experimental Observations 

Semi-insulating, iron-doped indium phosphide was used for the 

experimental observations reported here. The material had a homogeneous 

iron concentration of,..,. 1016cm-S. Iron in indium phosphide is an acceptor­

like (charge states 0 and -1) impurity with "a single energy level located 

near the middle of the band gap [3.1, 3.2, 3.3]. The material was semi­

insulating (resistivity ~ 1070cm) because the iron compensates residual 

shallow donors causing the Fermi energy level to be pinned near the iron 

energy level at midgap. 

Photoconductors were fabricated from (110) oriented, semi-insulat­

ing InP:Fe wafers. Evaporated and anneaLed AuGeNi contact metalizations 

were made on 1- by 5- by 0.3-mms pieces cut from the wafers. Photoconduc­

tors were constructed with 25- and 580-JLm lengths defined by the contact 

spacing. These photo conductors were inserted in place of a 5-mm" section 

of a 50-0 microstrip transmission line fabricated on a I-mm-thick alumina 

substrate. 

Impulse response measurements on these photoconductors were 

made using 15-ps, 780-nm-wavelength laser pulses and 50-ps, 6-MeV electron-
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beam pulses. The top panel in figure 3.1 shows the impulse response of a 

25-j.tm-gap device biased at 20 V and excited with 15-ps laser pulses. The 

optical pulse energy on the device was 590 pJ, which produced an electron­

hole pair density of ,.... 1018cm-3 • The response decay is seen to be nearly 

exponential with a time constant of 950 ps. The bottom panel in figure 3.1 

shows the impulse response of a 580-j.tm-gap device biased at 500 V and 

excited with 50-ps electron-beam pulses. An electron-hole pair density of 

,.... 1Q12cm-3 was generated by the electron-beam excitation. The response 

decay is seen to be nearly exponential with a time constant of 630 ps. 

The carrier densities generated in the experiments yielding the two 

curves in figure 3.1 differed by approximately six orders of magnitude. For 

laser excitation, the photogenerated carrier density far exceeded the iron 

concentration; whereas, for the electron-beam excitation, the carrier density 

was orders of magnitude less than the iron concentration. In ~oth cases, the 

signals decayed exponentially. For the high-intensity laser excitation, the 

decay time constant was about 50% larger than the low-intensity electron­

beam excitation decay time constant. The increase in response time with 

. higher-intensity excitation is very systematic and was observed in a large 

number of InP:Fe samples. 
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Figure 3.1: Measured response, in arbitrary units, of an InP:Fe photocon­
duct or to impulse excitation. 
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The response of InP:Fe photoconductors to 93-ns-wide, rectangu­

lar light pulses was measured. The light pulses were generated using a 

single-mode injection laser diode mounted in a transmission line geometry. 

The 3-m W, 835-nm wavelength pulses from the laser diode had a clean, 

fiat-topped rectangular shape with rise and fall times of < 500 ps. 

The curves in figure 3.2 show the response of a 25-J,Lm-gap device 

with an applied bias voltage of 10 V. The generation rate for the top panel 

response curve was ,... 1024cm-3s-1 • The middle and bottom panels show 

the response of the same device with the light-pulse intensity attenuated by 

neutral density filters to 5% and 1%, respectively, of the amplitude for t~e 

top panel. Note that the time axis extends to 200 ns for the top and middle 

panels and extends to 500 ns for the bottom panel. For high-intensity exci­

tation, shown in the top panel of figure 3.2, the photoconductor reproduces 

the rectangular shape of laser-diode pulse fairly well. As the excitation 

intensity is reduced to 5% of the previous value, shown in the middle panel 

of figure 3.2, the photo conductor response develops a slow. time constant 

which results in a long decay tail. As the excitation intensity is further 

reduced to 1% of the initial value, shown in the bottom panel of figure 3.2, 

the long time constant tail becomes more prominent. 
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Model Development and Results 

Iron in indium phosphide is a deep-level, acceptor-like impurity 

and acts as a trapping and recombination center. The iron site can exist 

in one of two charge states, negative and neutral. A neutrally charged 

iron site can capture (trap) an electron, thereby becoming negative, and a 

negatively charged iron site can capture a hole and become neutral. This 

provides a mechanism for the recombination of electrons and holes other 

than band-to-band radiative recombination. The capture cross section of 

iron in indium phosphide for electrons can be estimated from deep-level 

. transient spectroscopy measurements. One finds that the capture cross 

section is ,..... 3 X 10-14cm2 [3.2, 3.3]. This is a fairly large capture cross 

section and, for material doped at ,..... 1016cm-3, leads to rapid electron 

capture. The hole capture cross section has not been measured directly, 

but my results suggest that it is comparable to the electron capture cross 

section. Thus, the trap assisted recombination process in ,..... 1016cm-3_ 

doped InP:Fe dominates band-to-band radiative recombination. Because 

iron is a deep-It>vel impurity with an energy state near the middle of the 
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band gap, thermal emission of electrons or holes from the iron sites at room 

temperature is negligable on the time scale of interest here. 

The dynamics of transient photoconductivity in InP:Fe are as-

sumed to be adequately described by continuity and current equations for 

electrons and holes, a rate equation for trapping kinetics, and Poisson's 

equation. From chapter 2, the continuity equations for electrons and holes 

can be written as 

an 1 -a = g(r,t) - Rn(r,t) + -v ·In , 
t q 

(3.1) 

and 

ap 1 -a = g(r,t) - Rp(r,t) - -v .Jp , 
t . q 

(3.2) 

where n(r,t) and p(r,t) denote electron and hole densities, g(r,t) is the 

electron-hole-pair photogeneration rate, Rn(r, t) and Rp(r, t) are the elec-

tron and hole reduction rates resulting from trapping on iron sites, q is the 

electronic charge, and In(r,t) and Jp(r, t) are the electron and hole' current 

densities. The sum of the densiw of iron sites in the neutral charg.e state 

n~ and the negatively charged state nT is equal to the total density NT of 

iron sites. 

(3.3) 
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The equation for trapping kinetics can be written in terms of negatively 

charged iron sites (trapped electrons) as 

(3.4) 

Poisson's equation couples the transport of electrons and holes through 

the electric-field-driven convection (drift) component of the currents and is 

written as 

(3.5) 

where 1/J is the electric potential, € is the static dielectric constant of the 

material, and NJj and NA are the shallow donor and acceptor doping den-

sities. 

The goal is to develop a simple model, based on trapping and 

recombination of electrons and holes, which describes the bulk-material-

response characteristics of InP:Fe. In order to derive model equations 

that represent only the bulk-material-response characteristics in terms of 

trapping dynamics, spatial uniformity is assumed. This is a reasonable 

assumption for the central region of a long photoconductor where space-

charge neutrality holds and the boundary effects of free surfaces and elec-

trical contacts can be neglected. The carrier reduction rates resulting from 
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trapping of electrons and holes on iron sites are modeled as being propor­

tional to the product of free-carrier density times the number of available 

trapping sites of which that carrier type can be captured. Thus the carrier 

reduction rates are written as 

(3.6) 

and 

(3.7) 

where 

(3.8) 

and 

(3.9) 

Here < Vn > and < Vp > are the electron and hole thermal velocities, and 

Un and Up are the electron and hole capture cross sections on the iron sites. 

The densities can be written in terms of excess densities, An, AP, 

and AnT' which represent deviations from the densities at thermal equilib­

rium. In the case of transient photoconductivity in semi-insulating InP:Fe, 

the excess electron and hole densities are large compared to their thermal­

equilibrium values. 
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With the assumption of spatial uniformity, Poisson's equation 

gives the space-charge neutrality condition for the excess densities, 

t:..p - t:..n - t:..nT = o. (3.10) 

This allows the four governing equations, (3.1), (3.2), (3.4), and (3.5), to be 

reduced to two. Choosing to eliminate t:..nT, applying detailed balance, and 

neglecting the small thermal-equilibrium electron and hole densities yield 

two model equations in terms of excess electron and hole densities, 

dt:..n _ 
dt = g(t) - Bn(NT - nTo - t:..p + t:..n)t:..n (3.11) 

and 

dt:..p . 
di" = g(t) - Bp(nTo + t:..p - t:..n)t:..p, (3.12) 

where nTo is the thermal-equilibrium, negatively charged iron density. 

The model equations are put into dimensionless form. First, the 

driving term is written as g(t) = go¢(t), where go is the maximum gen-

eration rate produced by the incident radiation and 0 :5 ¢(t) < 1 gives 

the temporal shape of the applied radiation pulse. A basic material time 

constant (the equilibrium electron-capture time constant) is defined as 

(3.13) 

--_._-- ._- -- -----_. -"---- .. ---' --_ .. __ ._-- .-
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A dimensionless time is defined as f = t/Tno • A dimensionless generation 

rate that represents the intensity of the applied radiation is defined as 

(3.14) 

The excess electrqn and hole densities are normalized to the qUarltity goTno 

giving the dimensionless excess densities, 

and 

A ~n 
n=-­

goTno 

Finally, two material parameters are defined as 

B= Bp 
Bn 

and 

e = nTo. 
NT 

(3.15) 

(3.16) 

(3.17) 

(3.18) 

The two model equations in in dimensionless form can then be written as 

dn .I..(A) A I (A A)A ---..=o/t -n+-ep-nn 
dt 1-

(3.19) 

and 

dp .1..(") Be A IB (A A)A --;:: = 0/ t - --p - -- p - n p. 
dt 1- e 1- e (3.20) 
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The material's characteristic transient photoconductive response can be 

expressed in terms of electrical conductivity, 

(3.21) 

where J.Ln and J.Lp are the electron and hole mobilities. The electrical con-

dictivity can be written in terms of dimensionless variables as 

where 

and 

q 
u=--­

qgoTnoJ.Ln 

M = J.LP. 
J.Ln 

(3.22) 

(3.23) 

(3.24) 

The material parameters contained in the model equations are 

Tno,B,G, and M. The electron and hole mobilities in InP:Fe are known 

[3.4]. From these results, the value for the mobility parameter M is taken 

to be 0.05. Because the electron mobility far exceeds the hole mobility, 

the photoconductor response to low-intensity impulses is dominated by the 

equilibrium electron capture time constant Tno. From the low-intensity 

electron-beam experimental data in figure 3.1, the value of Tno is taken to 
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be 630 ps. Experimental data is not available to directly determine the 

values for Band C. The InP:Fe used in these experiments was grown 

for use as semi-insulating substrate material. For this reason, the iron 

doping concentration was made to be much larger than the shallow donor 

concentration. Thus, the compensation ratio parameter C is much less 

than one. For the following calculations a value of C = 0.01 was used. In 

order to determine the value for B, both the electron and hole capture cross 

sections must be known. Information is available on the electron capture 

cross section [3.2, 3.3] but not on the hole capture cross section. The model 

calculations are in qualitative agreement with the data for B ~ 1. For the 

results presented here, a value of B = 0.75 was used. 

The model equations (3.11) and (3.12) are two coupled nonlinear 

ordinary differential equations. At low intensity (I « 1), the equations 

become linear, uncouple, and are easily solved analytically. For intensity 

parameter I not vanishingly small, the equations must be solved numeri­

cally. A fourth-order Runge-Kutta method was used to solve the couple.d, 

nonlinear model equations. 

In figure 3.3, numerically computed solutions for impulse excita­

tion are presented. For the computations, the strength of the impulse is 
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Figure 3.3: Calculated response of an InP:Fe photoconductor to impulse 
excitation. 
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determined by the product of the intensity parameter I and the width of 

the impulse, fw. The top panel of figure 3.3 shows a high-intensity impulse 

result computed with I = 104 and tw = 0.01. The lower panel shows a 

low-intensity impulse result computed with I = 0.001 and tw = 0.01. Both 

high-intensity and low-intensity cases show nearly exponential decays, with 

the time constant for the high-intensity case being larger than that of the 

low-intensity case. The low-intensity result shows a weak ( ...... 5%) tail in 

addition to the exponential decay. The model results show good qualitative 

agreement with the corresponding experimental results in figure 3.1-

In figure 3.4, numerically computed solutions to the model equa­

tions for rectangular-pulse excitation are presented. An excitation pulse 

width of tw = 150 (tw ~ 93 ns) was 'used for these computations. A value 

of I = 0.01 was used for the result shown in the top panel of figure 3.4. 

This value of I corresponds approximately to the experimental generation 

rate for the top panel of figure 3.2. The solutions to the model equa­

tions shown in the middle and bottom panels of figure 3.4 were computed 

with I reduced to 5% and 1% of the value for the top panel. These val­

ues correspond approximately to the generation rates for the experimental 

results presented in the corresponding panels of figure 3.2. The relative 

------.--------------------------------
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Figure 3.4: Calculated response of an InP:Fe photoconductor to 93-ns rect­
angular-pulse excitation. 



51 

experimental generation rates for figure 3.2 are accurately known, whereas, 

the absolute generation rates are only approximately known. The com­

puted response shape shown in the top panel of figure 3.4 reproduces the 

rectangular-shaped driving pulse fairly well. At the lower intensities, the 

contribution of hole current to the photoconductor response increases and 

a slower time constant resulting from hole decay can be seen. The model 

results presented in figure 3.4 show good qualitative agreement with the 

experimental results presented in figure 3.2. 

Discussion and Conclusion 

The essential features of InP:Fe that lead to the experimentally 

observed behavior are the following: 

(1) The electron mobility is ,..., 20 times larger than the hole mobility. 

(2) The capture rate coefficients of electrons and holes, Bn and Bp , are 

approximately equal. 

(3) At thermal equilibrium, the density of neutral iron sites (which can 

capture electrons) is much greater than the density of negatively charged 

iron sites (which can capture holes). 
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Because the electron mobility far exceeds the hole mobility, the 

electron current dominates the hole current in the photoconductor response 

unless the density of holes is much greater than the density of electrons. 

At low intensities, the equilibrium population of iron charge states is not 

significantly changed by the photogenerated carriers. As a result, the cap­

ture rates of electrons and holes are independent of the carrier densities, 

and the electron and hole dens'ities decay as independent exponentials with 

different time constants. The modei equations describe this behavior in the 

limit of small I. In this case, the electron time constant is given by Tna and 

the hole time constant is given by (1- G)TnJ BG. Because the neutral iron 

density exceeds the negatively charged iron density (G ~ 1), the electron 

time constant is much less that the hole time constant. 

For low-intensity impulse excitation, the electron and hole den­

sities are initially equal so that the electron time constant Tna dominates 

the response. This situation is shown in the lower panels of figure 3.1 (ex­

perimental result) and figure 3.3 (model result). For low-intensity p~lse 

excitation with a pulse length much greater than Tna , the hole density can 

build up to far exceed the electron density. In this case, the contribution to 

the photo conductor response resulting from hole conduction is important. 

-----~ .. ----_ .. _--_._--------
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The photo conductor response will show a fast time constant owing to elec-

tron current and a slow time constant owing to hole current. Because of 

the larger contribution of hole current" the photoconductor response does 

not faithfully reproduce the rectangular driving pulse. This case is seen in 

the lower panels of figure 3.2 (experimental result) and figure 3.4 (model 

result). 

At high intensities, the electron and hole densities do not decay 

independently. Indeed, for electron and hole densities far exceeding the 

total iron concentration, the electron and hole densities are approximately 

equal. Thus, they decay together so that 

(3.25) 

This equation determines the charge-state densities of the iron impurities. 

The mutual decay time constant of the electrons and holes is seen to be 

(1- C)(l + B) 
THI ~ B Tno' (3.26) 

This high-intensity time constant holds as long as the density of electrons 

and holes exceeds that of the iron impurities. For high-intensity impulse 

excitation, the electron and hole densities decay with the time constant 

THI' From equation (3.26) it can be seen that THI is somewhat larger than 
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Tno. This behavior is shown in the top panels of figure 3.1 (experimental 

result) and figure 3.3 (model result). For high-intensity pulse excitation, the 

electron and hole densities are equal and respond with a time constant THI. 

Thus, for pulses which are long with respect to THI, the photoconductor 

faithfully reproduces the excitation pulse shape. This situation is seen 

in the top panels of figure 3.2 (experimental result) and figure 3.4 (model 

result). The middle panels of figures 3.2 and 3.4 show intermediate intensity 

cases. 

InP:Fe photoconductors are often used as radiation detectors. 

From the results presented here it is shown that, for low-intensity exci­

tation, the material response can be described as having two different time 

constants. The shorter time constant results from electron trapping and the 

longer time constant results from hole trapping. For radiation pulse lengths 

intermediate between these two time constants, detectors can faithfully 

replicate the temporal shape of -the incident radiation signal. For radiation 

pulse lengths comparable to the longer (hole) time constant, the temporal 

response shape of the detector will be distorted. Of course, for radiation 

pulse lengths much longer than the hole time constant, the detector will 

faithfully replicate the radiation pulse shape. For high-intensity excitation, 
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the detector response is determined by the single time constant rH I' The 

detector will faithfully replicate a high-intensity radiation pulse which is 

long with respect to this time constant. 

For fast pulse generation and sampling applications, the impulse 

response of the photoconductor is the important characterictic. My results 

show that the material response following impulse excitation is essentially 

an exponential decay. The decay time constant for low-intensity excita~ion 

is the equilibrium electron-capture time constant rno' For high-intensity 

impulse excitation, the decay time constant rHI is longer. 

The model presented in this chapter qualitatively accounts for 

the experimentally observed behavior and provides an understanding of 

the photoconductive response of InP:Fe based on the trapping an<j recom­

bination of electrons and holes on deep-level iron impurities. The model 

parameters B and e were chosen to provide the best agreement with the 

experimental data. It is not claimed that the values chosen for Band e 

accurately represent the true material parameters for InP:Fe. The model 

displays the same basic behavior with some variation in B and e, and some 

aspects of the model behavior are dependent on the Be product. There 
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are quantitative differences between the model results and the experimen­

tal data. In order to quantitatively describe photoconductor transient re­

sponse, it will be necessary to account for the transient spatial distribution 

of electrons, holes, deep-level impurity charge denstity, and electric field. 

The complete photoconductive device model equations,'which account for 

these transport effects, are studied in chapter 5. 



CHAPTER 4 

GENERATION-RECOMBINATION NOISE EFFECTS RESULTING 

FROM DEEP-LEVEL TRAPPING 

In this chapter a theory of the effect of deep-level trapping centers 

on the generation-recombination (g-r) noise and responsivity of an intrinsic 

photoconductor is presented. The deep-level centers can influence the g-r 

noise and responsivity in three main ways: (i) they can shorten the bulk 

carrier lifetime by Schockley-Read-Hall recombinationj (ii) for some values 

of the capture cross sections, deep-level densities, and temperature, the 

deep levels can trap a significant fraction of the photogenerated minority 

carriers which reduces the effective minority carrier mobility and diffusivity 

and thus reduces the effect of carrier sweep out on both g-r noise and re­

sponsivityj (iii) the deep-level centers add a new thermal noise source which 

results from fluctuations between bound and free carriers. The strength of 

this new noise source decreases with decreasing temperature at a slower 

rate than band-to-band thermal g-r noise. Calculations are presented for 

57 
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an X = 0.21, n-type Hg1-xCdxTe photoconductor using the parameters of 

a commonly ocurring deep-level center in this material. It is shown that, for 

typical operating conditions, photoconductive detector performance begins 

to degrade as the deep-level density exceeds,..., 1Q16cm-3. 

Introduction 

Arrays of HgCdTe photoconductors are presently used in high­

resolution thermal imaging systems. Under normal operating conditions, 

the dominant noise contribution in these devices results from fluctuations in 

the carrier density [4.1, 4.2]. Discussions of this generation-recombination 

(g-r) noise for the case in which the density fluctuations result totally from 

the band-to-band g-r processes have been presented [4.3, 4.4, 4.5]. Here 

the effect of deep-level centers on g-r noise and responsivity is examined. It 

will be shown that deep-level centers can affect g-r noise and responsivity in 

three principal ways: (i) Deep levels can lead to Schockley-Read-Hall (SRH) 

recombination. This effect can be included in the previous discussions by 

simply changing the excess carrier lifetime to include this recombination 

process. (ii) For certain values of the deep-level parameters, a significant· 

fraction of the photogenerated minority carriers may be trapped on the 
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deep-level sites. This trapping will change effective minority carrier mo­

bilities and diffusivities· and hence modify sweep-out effects on both g-r 

noise and responsivity. (iii) Density fluc~uations between free and trapped 

carriers leads to another noise source. This additional noise source can be 

particularly important at low temperatures and low background conditions. 

The importance of deep-level centers clearly depends on the den­

sity and electrical properties of the centers. The electrical properties of 

a common deep-level center in HgCdTe have been measured by Polla and 

Jones [4.6] using deep-level transient spectroscopy. They found that this 

deep level commonly occurs at densities between l014cm-3 and 1016cm-3. 

Electron and hole capture cross sections were measured and found to be 

Un 'V 1O-15cm2 and Up - 10-17cm2. The energy of the deep level was found 

to be about 0.4 Eg above the valence band where Eg is the band-gap en­

ergy. Based on the sizes of the capture cross sections (the electron cross 

section being much larger than the hole cross section), they suggest that 

the electron is likely captured at a Coulomb attractive center and the hole 

at a neutral center so that the likely charge states for the deep level are 

neutral and positive. (Charge states of positive and double positive are 
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another possible interpretation.) The measurements were made on p-type 

materials. 

In this chapter, a theory of the effects of a deep-level center with 

two accessible charge states on the generation-recombination noise and re­

sponsivity of an intrinsic photoconductor is presented. Specific calculations 

are done for n-type, X = 0.21 Hg1-xCdxTe because this material is cur­

rently used for infrared detection in the 8 - 12 p.m band. However, the 

basic theoretical formulation does not depend on the material properties of 

this system, and these results should apply to other intrinsic photoconduc­

tors. The results of Polla and Jones [4.6] are used to describe the deep-level 

center. (That is, it is assumed that the deep-level center characterized by 

Polla and Jones in p-type material also occurs in n-type material.) Al­

though the notation is for centers with neutral and positive charge states, 

the results are simple to transcribe to centers with other charge states. Be­

cause somewhat different behavior is predicted if the deep-level center can 

trap a significant fraction of the photogenerated minority carriers, calcula­

tions are also presented in which the minority carrier (hole) capture cross 

section is large compared with the majority carrier capture cross section. 
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Theoretical Approach 

The case of an n-type photo conductor containing a deep-level cen-

ter with two accessible charge states is considered. To be specific, the charge 

states are taken to be neutral and positive. The densites of the neutral and 
. 

positive charge state deep-level centers will be denoted as nT and nt. To 

convert the resuslts to describe, for example, a center with charge states 

neutral and negative, one simply replaces nT by nr and nt by nT. (That 

is, nt or nT refer to the. center with a trapped hole and nT or nr refer 

to the center without a trapped hole.) Photo conductors which are made 

from p-type material can also be described by the theory by interchanging 

the role of electrons and holes and interchanging the role of the the two 

charge states of the center. The case is considered in which the free electron 

density is determined by shallow impurities, not by the deep-level center. 

Thus, the equilibrium electron density no is much greater than n*.. S~all 

signal excitation, so that the density of photogenerated carriers is small 

compared to the majority carrier density, is considered. 

A one-dimensional model is used to describe the photo conductor . 

The detector length is 2L and the contacts are at x = ±L. The reason 

--------_._------ - -------_._.- ...... _-_._---
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for setting up the problem in this way is that more symmetry is obtained 

by having the origin of the x-axis at the center of the photoconductor. 

The detector width and thickness are Wand d, respectively. Space charge 

neutrality is taken to be maintained so that excess densities satisfy the 

relation 

Ap(X,t) - An(x,t) + Ant(x,t) = 0, (4.1) 

where Ap and An are the excess hole and electron densities, respectively, 

and Ant is the excess density of positively charged deep-level centers. The 

contacts are taken to be ohmic with an infinite surface recombination ve­

locity so that all excess densities vanish at x = ±L. 

The determination of the g-r noise voltage begins with the Wiener­

Khintchine theorem for the noise spectral density 

G(V,w) = 410
00 

cOS(wt)(AV(t)AV(O))dt, (4.2) 

where A V is the deviation from the time-averaged terminal voltage. The 

noise voltage is related to the spectral density by 

(4.3) 

where AI is the bandwidth. To determine the change in terminal voltage, 

at a constant current bias, in terms of carrier densities, the equation for 
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the conduction current density 

(4.4) 

is integrated along the length of the detector. Here E, the applied electric 

field, is spatially uniform because of the charge neutrality assumption. Tak-

ing the change in carrier densities to be small compared with the majority 

carrier equilibrium density and noting that the excess densities vanish at 

the contacts (so the diffusion contribution in equation (4.4) drops out) gives 

AV(t) = V[lln J!L An(x, t)dx + IIp J!L Ap(X, t)dx] 
2L(/Jnno + /JpPo) 

(4.5) 

where V is the time-average bias voltage. Substituting equation (4.5) into 

equation (4.2) gives the noise spectral density in terms of density-density 

correlation functions. 

In general, there are four density-density correlation functions to 

evaluate. Although it is not difficult to evaluate these functions, the results 

produced are somewhat complicated simply because of the relatively large 

number of terms involved. For X ,.... 0.21 Hg1-xCdxTe, the electron mobil-

ity is about 400 times the hole mobility, and thus the electron contribution 

in equation (4.5) is much larger than the hole contribution. For ease of 

presentation, only the electron terms in equation (4.5) are kept. For other 
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materials this simplification may not be valid, and it may be necessary to 

retain the other terms. With this simplification, the noise spectral density 

becomes 

G(V,w) = 

4~2 [00 cos (wt) ( 1L)2 fL fL {6n(X,t)6n(X',O))dx' dx dt. (4.6) 
no 10 2 -L-L 

It thus becomes necessary to calculate the correlation function (~n(x, t) 

6n(x' ,a)}. 

In order to evaluate t~is correlation function, transport equations 

describing the evolution of the excess carrier density must be considered. 

From chapter 2, continuity equations in one spatial dimension for the excess 

densities can be written as 

a6n 6p 1 a 
- G+G -Rn--+--6J 

at nan' T q X 
(4.7) 

a6p 6p 1 a 
at - G+ G -Rp - - - --6J 

p T q ax P' 
(4.8) 

a6nt 
- (Gn - Rn) - (Gp - Rp), 

at 
(4.9) 

where G is the electron-hole pair photogeneration rate, Gn and Gp are the 

electron and hole generation rates resulting from thermal emission from 

the deep-level centers, Rn and Rp are the capture rates of electrons and 
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holes on the deep-level centers, T is the excess carrier lifetime from band­

to-band recombination. The excess current densities l!.Jn and l!.Jp are the 

usual drift/diffusion equations derived in chapter ,2 only written in terms 

of excess electron and hole densities. The thermal generation and capture 

rates of excess electrons and holes on deep levels are given by 

Gn - Bnnl(NT - nt), (4.10) 

Rn - Bnnnt, (4.11) 

Gp - BpPlnt, (4.12) 

Rp - Bpp(NT - nt), (4.13) 

where 

Bn - (Vn}O"n, (4.14) 

Bp - (Vp}O"p, (4.15) 

nl - Nc (T) e(E'l'-Ec)/ leT, (4.16) 

PI - Nu(T)e(Ee-E'l'}/lcT, (4.17) 

and (Vn(p)) is the electron (hole) thermal velocity, O"n(p) is the electron (hole) 

capture cross section, NT is the total density of deep-level centers, Nc(u) is 

the electron (hole) effective density of states, Ec(u) is the energy position of 
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the conduction (valence) band, and ET is the energy position of the deep 

impurity level. 

Using the charge neutrality condition [equation (4.1)1 t::.p can be 

eliminated and the transport equations become (for low level excitation) 

(4.18) 

(4.19) 

where the operators E>i are defined by 

E>1 a 1 + a a2 
- at + -:; + BnnTo + J1.E ax - D ax2' (4.20) 

1 . a a2 
E>2 - Bn(n1 + no) - - -1J1.pEa + 1Dp a 2' 

T X X 
(4.21) 

E>s - Bnnto - Bp(NT - nto)' (4.22) 

E>4 - :t + Bn(n1 + no) + Bp [P1 + Po + (NT - nt)] . (4.23) 

Here J1. is the ambipolar mobility (defined positive in n-type material), D is 

the ambipolar difi'usivity, the subscript 0 indicates equilibrium values, and 

(4.24) 

It is convenient to define Green's functions for the transport equa-

tions by 

---~- ---
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° - E>3(X, t)K1(x, x', t) + E>4(X, t)K3(X, x', t), (4.27) 

8(x - x')8(t) - E>3(X, t)K2(X, x', t) + E>4(X, t)K4(X, x', t), (4.28) 

with the boundary and initial conditions 

Ki(±L,x',t) = 0, (4.29) 

(4.30) 

The Green's function tells how a density fluctuation propagates. Thus, if 

Ll.n{x,O) and Ll.nf(x,O) are specified, at a later time one has (in matrix 

notation) 

[ 

Ll.n(x,t) ] 

Ll.n~(x,t) = 

i: [Kl(X,x',t) K2(X'X"t)] [ Ll.n(x',O) ] dx'. (4.31) 

K3 (x, x', t) K.(x, x', t) Ll.n~(x',O) 

If the problem is specified by an external generation rate, one has 

[ 

Kl(X,X',t - t') K2(x,x',t - t') ] [ G(x',t') ] 
dx'dt'. (4.32) 

K3(x,x',t - t') K.(x,x',t - t') ° 
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Equation (4.31) is of use in the g-r noise calculation because it 

allows the density-density correlation function to be written as 

(l:.n(x,t)l:.n(x',O)) - I: Kl(X, x", t)(l:.n (x" , 0) l:.n(x' , 0)) 

+K2{x, x", t)(l:.n~ {x", O)l:.n{x', O))dx". (4.33) 

Thus, the problem reduces to finding the Green's functions and the instan-

taneous correlation functions (which are already kn<;>wn [4.8]). The solution 

for the Green's function is given in the following section. Notice that if the 

term proportional to J.l.p in equation (4.5) has been kept when substituting 

into equation (4.2), the additional terms could all be described in terms 

of the same Green's functions Ki (i = 3 and 4 would also appear) and 

instantaneous correlation functions which are well known [4.8]. 

The responsivity is also found in terms of the Green's functions 

Ki. It is defined as 

(4.34) 

where [V,,2] 1/2 is the rms time average of the output signal voltage and 

[p.2] 1/2 is the rms time average of the input optical power. The signal 

voltage is found in terms of the photogenerated carrier density by equation 
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(4.5). Taking a sinusoidal generation rate of the form 

g(t) = 1]~6 cos(wt) (4.35) 

where 1] is the quantum efficiency and Q 6 is the signal photon flux, the ex-

cess carrier densities are found in terms of the Green's functions by equation 

(4.32). To be consistent with the noise voltage calculation, the contribu-

tion from the hole current is neglected as small compared to the electron 

contribution. 

The mathematical details of the determination of the Green's 

functions and evaluation of various spatial integrals of the Greens's func-

tions are given in the following section. To simplify the results, it is as-

sumed that the ambipolar and minority carrier mobilities and diffusivities 

are nearly equal, that "I [defined in equation (4.24)] is nearly unity and 

that ni:o ~ NT. These approximations aren't really necessary (that is the 

problem can still be easily solved without making them), but they are well 

satisfied for the case considered and they considerably simplify the state-

ment of the results. 

The results, for n-type material, are 

,\ 1] V 
R(V,w) = hc2LWdnTo IQ(w)l, (4.36) 

-_._-_. __ .. _----------- ._------- -----



VN(V,w) _ 
(Af)1/2 -

2V [ ]~2 v' (Po + H(w)nto + F{w)(AnB))¢(w) , 
no 2LWd 

n·{v,w) = 
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(4.37) 

~ (.!L)1/2 [¢(w) An ( 1 + (Im[Q(w)JI¢{w))2 )]1/2438 
2hc QB ¢(O) ( B) Po + H{w)n~o + F{w)(AnB) (.) 

where 

~AnB) = f]~B ¢(O), (4.39) 

. ¢(w) = Re[Q{w)], (4.40) 

-Im[Q{w)] 
F{w) = w¢(w)¢(O) , (4.41) 

H( ) = Re{Q(w)[l- A(w)] + u(w)} 
w ¢(w) , (4.42) 

Q( ) = T' (1 (a, - a,) sinh(a,L) Sinh(a,L)) 
w 1 + iwr' + (0:10:2 L) sinh[(O:l - 0:2)L] , (4.43) 

p,' E p,'E 1 + iwr' [' r a,., = 2D' ± (2D') +. D'T' ' (4.44) 

~ = [1 - ,B(w)] + Bc[nto + ,B(w)(nl + no)], 
r r (4.45) 

p,' = p,[l - ,B(w)], (4.46) 

D' = D[1- ,B(w)], (4.47) 

-----------------~----------""---- .. _--------
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f3( ) - [Bp(NT - n~o) - Bnn~o] 
w - {iw + Bn(nl + no) + Bp[Pl + Po + (NT - n~o»)}' (4.48) 

A( ) _ [iw + Bn(nl + no + n~o)] 
w - [iw + Bn(nl + no + n~o) + Bp(Pl + Po)]' 

(4.49) 

and 

1 
u(w) = . ( + ) ( ))' (4.50) 

IW + Bn nl + no + nTo + Bp Pl + Po 

Here A is the siganl photon wavelength and Q B is the background photon 

flux. 

Equations (4.36) through (4.50) give the formal results for the 

responsivity, g-r noise, and detectivity D· (assuming that g-r noise domi-

nates) in the presence of deep-level centers. The results reduce to previous 

expressions [4.3] if the center density vanishes. The deep-level centers affect 

the results in three ways: the lifetime T is modified by SRH recombination 

and carrier trapping [equation (4.45)], the effective mobility J.£ and diffusiv-

ity D are modified by carrier trapping [equations (4.46) and (4.47)], and a 

new noise source term, H(w)nto appears [equation (4.37)]. 

From equation (4.37), one sees that there are three basic g-r noise 

sources. The term proportional to Po describes the contribution from band-

to-band thermal density fluctions. (This. contribution will be referred to as 

the thermal noise term.) The term proportional to (~nB) describes the 
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contribution from density fluctions' on the background generated carrier 

density. (This contribution will be referred to as the background noise 

term.) Both of these terms remain as the deep-level center density goes to 

zero. The term proportional to nto describes a new thermal ~oise source 

resulting from fluctuations between trapped and free carriers. This term 

can be quite important at low temperatures because Po decreases faster 

with decreasing temperature than does n~o' 

The modification of the effective mobility and diffusivity occurs 

because some on the photogenerated carriers may become trap'ped on the 

deep-level centers. Indeed, from equation (4.19), it can be seen that at 

steady state (w -+ 0) 

~n~(x) = ,8(O)~n(x). (4.51) 

Thus, ,8 is just the ratio of photogenerated bound holes (~n~) to photo­

generated free electrons (~n). From equation (4.48) it is seen that ,8 can 

app~oach unity if Bp ~ Bn and (NT-n~o) ~ (PI +Po)' For n-type material, 

n~o is much less than NT and NT is temperature independent. However, PI 

and Po decrease rapidly with decreasing temperature. Thus, if Bp ~ Bn , 

minority carrier trapping will become important at low temperature. It is 

possible for ,8 to be negative (more photogenerated electrons are trapped 
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than photogenerated holes causing ~n~ to be negative) if Bn ~ Bp. How-

ever, since n~o ~ no, if f3 is negative, it is small in absolute value. The 

effective bulk lifetime is modified by the deep-level centers both by SRH 

recombination and because trapping changes the population of free and 

trapped carriers. 

Solution for the Green's Functions 

In this section, the Green's functions defined by equations (4.25) 

through (4.30) are found and an integral of these functions which appears 

in the noise voltage expressions is evaluated. Noticing that it is really the 

time Fourier transform of the function that is needed [see equation (6)], we 

define 

(4.52) 

Then the gi(X,x',W) satisfiy the transform of equations (4.25) through 

(4.30), (replace a/at with iw in the operators 0i). In w space, 0 3 (x,w) and 

0,,(x,w) are numbers, not differential operators. Thus, from the transform 

if equation (4.27) one sees that gl(X,x',W) and g3(X,x',W) are proportional 

and 

g3(X, x', w) = - 00-" gl(X, x', w) = f3(w )gl(X, x', w), 
-3 

(4.53) 

---_._-- .-
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where fJ(w) is given by equation (4.48). Substituting equation (4.53) into 

the transform of equation (4.25) gives the equation for gl(X,X',w) 

(4.54) 

With the replacement 

1 (1- fJ) + . 
(4.55) 

r' 
- + Bn[nTo + fJ(nl + no)], 

T 

p.' - p. .....: "'IfJJLp, (4.56) 

D' - D - "'IfJDp, (4.57) 

this equation becomes the same as that considered in references [4.3] and 

[4.4]. (The explicit solution is given as equation (12) in Ref. [4.4}.) Equa-

tions (4.55) through (4.57) become the same as equations (4.45) through 

(4.47) if one sets "'I "'-J 1 and takes the ambipolar mobility and diffusivity as 

nearly equal to the minority carrier values. 

From the fact that 9 s(x,w) and 9 4(x,w) are numbers and from 

the transforms of equations (4.26) and (4.28) one sees that gi(X,X',w) for 

i = 3 and 4 must have the form 

gi(X,X',W) = gie(X,X',w) + O'i(w)8(x - x'), (4.58) 
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where gi6 is nonsingular. From the transform of equation (4.28) one has 

g4,(X,X',W) = .B(W)g2,(.X,X',w) (4.59) 

and 

(4.60) 

Substituting equations (4.58), (4.59), and (4.60) into the trans-

form of equation (4.26) and integrating three times from x' - f to x' + € 

(where € is arbitrarily small) one finds that 

(4.61) 

Equations (4.61) and (4.57) determine 0"2 and 0"" 

1 
0"2 = , 

0 3 + (D/'YDp)0" 
(4.62) 

1 
0"" = . 

bDp/ D)03 + 9" 
( 4.63) 

From the substitution into the transform of equation (4.26) one also finds 

that g2, (x, ,xl, w) is given by 

-A(w)8(x - x') - (J.l.0"2 - 'YJ.l.p0"4)E :x 8(x - x') 

[ 
. 1 , a , a2

] ( , ) 
= ~w + r' + J.l. E ax - D ax2 g2, x, x ,w , (4.64) 

---.----------------.~----- -



76 

where 

From the form of equation (4.64), it is clear that 

where gb (x, :t, w) solves 

a r( ') (. 1 , a , a2
) ( , ) ax u x - x = tW + r' + p. E ax - D. ax2 gb x, x , w , . (4.67) 

with the boundary conditions of equation (4.29). 

It is quite straightforward to solve equation (4.67) for gb and thus 

complete the solution for the Green's functions. However, by approximating 

'Y ,..,; 1 and taking the ambipolar mobility and diffusivities to be nearly equal 

to the minority carrier values, we have from equation (4.61) and the Einstein 

relation that 

(4.68) 

and 

1 
(4.69) 

Thus, gb drops out of the problem and A(w) and u(w) are given by equations 

(4.49) and (4.50). 

--'--' ---------- ------- ------
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Summarizing the results for the Green's functions (with the ap-

proximations '1 --.J 1, J.L"'" J.Lp, and D --.J Dp) gives 

g3(X,X',W) - ,8(W)gl(X,X',w), (4.70) 

g2(X,X',W) - -A(W)gl(X,X',w) + u(w)8(x - x'), (4.71) 

g4(X,X',W) - -A(w),8(W)gl(X,X',w) + u(w)8(x - x'),. (4.72) 

where gl (x, x' , w) is found by solving equation (4.54) with boundary condi-

tions given by equation (4.29). 

In addition to the Greens's functions, the zero time correlation 

functions must be known. For the one-dimensional model considered, for 

n-type material, and taking no to be large compared 'to nto' Po, and the 

excess densities, these correlation functions are [4.8] 

(6n(x,0)6n(x' ,0)) = nj:(x~: p(x) 8(x - x'), (4.73) 

iV+(x) 
(6nf(x,O)6n(x',0)) = Wd 8(x - x'), (4.74) 

(6n(x,0)6p(X',0)) = ~1 8(x - x'), (4.75) 

and 

(6n~(x,0)6p(X',0)) = 0. (4.76) 
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Here, 

p(x) = Po + ~p(x), (4.77) 

N+(x) = nj;(x) (1- n~:)) '" nj;(x), (4.78) 

nf(x) = nfo + ~nf(x), (4.79) 

and 

~p(x) = [1 - ,B(O)]~n(x), (4.80) 

~nf(x) = ,B(O)~n(x). (4.81) 

It has been assumed that nt(x) ~ NT. 

The expression for the noise spectral den~ity then becomes 

G(V,w) = 4V2 (_1 ) (~)2 
n~ Wd 2L 

xRe i:f:[91(X,X',w)po + {[1- A(W)]gl(X,X',w) 

+u(w)c5(x - x')}nto + {[1- ,B(O)A(W)]gl(X,X',w) 

+,B(O)u(w)c5(x -:- x')}~n(x')] dx'dx. (4.82) 

The background electron density, ~n(x'), is easily calculated from equation 

(4.32) by considering steady state excitation 

~n(x) = 17~B f: gl(x,x',O)dx'. (4.83) 
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It remains to evaluate the spatial integrals in equation (4.82). The 

integral 

1 jL jL Q(w) = -L gl(X,X',w) dx dx' 
2 -L-L (4.84) 

is easily evaluated to give equation (4.43). The integral in the background 

noise contribution term can also be evaluated in a straightforward way. (It 

is just sums of integrals of exponentials.) However, the background noise 

can be more conveniently calculated by showing (with the same approxi-

mations as above) that 

1 jL jL Re-
L 

{[l- ,B(O)A(W)]gl(X,X',w) 
2 -L-L 
+,B(O)u(w)8(x - x')}~n(x') dx'dx 

TJQB Im[Q(w)] 
d w 

(4.85) 

The proof of this result follows in exactly the same way as the analogous 

result without including deep-level centers (see Appendix III of Ref. [4.3]). 

Substituting equations (4.84) and (4.85) into equation (4.82) then gives 

equation (4.37) of the preceeding section. 

Dependence on Trap Density and Temperature 

In this section, calculations of the g-r noise voltage, responsiv-

ity, and detectivity for various values of the deep-level trap density and 

---~---
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temperature are presented. The calculations were performed for an n-type 

X = 0.21 Hg1- x Cdx Te photoconductor with a length of 35 /-Lm, width of 

50 /-Lm, and thickness of 10 /-Lm. The electron and hole mobilities were taken 

as 2 x 105 cm2/Vs and 500 cm2/Vs, respectively. An excess (band-to-band 

recombination) carrier lifetime of 1 p.sec, a quantum efficiEmcy of unity, a 

shallow donor less shallow acceptor density of 5 x 1014 cm-3 (over the tem­

perature range considered this is essentially the electron density), and a 

signal wavelength of 11 /-Lm are assumed. The band gap as a function of 

temperature was taken from Ref. [4.9] and the effective density of states 

from Refs. [4.10] and [4.11] (consistent at this composition). The energy of 

the deep-level center was taken to be 40 me V above the valence band and 

electron and hole capture cross sections of Un. = 10-15 cm2 and up = 10-17 

cm2 were used. These parameters are typical of HgCdTe photoconductors 

currently being produced. At these values of the cross sections, the effects 

of minority carrier trapping are very small ({J ,.., 0). To illustrate the effects 

of carrier trapping, a second series of calculations have been performed 

with the cross-section values reversed (i.e., up = 10-15 cm2 and Un. = 10-17 

cm2). The first series of calculations are meant to represent the effects of a 

common deep-level center in HgCdTe, the second series of calculations are 
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meant to be for illustrative purposes. In the two-panel figures, the upper 

panel is for the HgCdTe cross-section values and the lower panel is for the 

reversed cross-section values. 

The temperature range 100 K ~ T ~ 50 K is considered. In 

this range, the electron density is essentially constant, but other densities 

change rapidly. In figure' 4.1, Po,Pb nb nil and nto for three values of /l[T 

are plotted as a function of 100 IT. Notice in particular that Po drops 

with temperature at a much faster rate than nto' Although this is obvious, 

it is important because the deep levels add a thermal noise source with a 

strength proportional to nto wheras the band-to-band thermal noise source 

'is proportional to Po. The temperature at which the Po and nto curves cross 

depends on NT. The deep-level thermal noise source can become important 

at the lower temperatures. Also notice that PI is rather large, much larger 

than nl' This occurs because the hole effective density of states is much 

larger than the electron effective density of states and indicates that hole 

thermal emission rates can be fairly high. 

In figure 4.2, fJ is shown at low frequency as a function of 100lT 

for several values of NT and both sets of cross section values. The upper 

panel is for the HgCdTe cross-section values and the lower panel is for 
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Figure 4.1: A plot of the log of several carrier densities as a function of 
100fT. 
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Figure 4.2: The function f3 at low frequency as a function of 100fT for 
three values of the deep-level density. 
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the reversed cross-section values. f3 gives the degree of minority carrier 

trapping. (Negative values correspond to predominant electron trapping.) 

For the cross-section values corresponding to HgCdTe, f3 is very small, 

indicating little trapping. For the reversed set of cross-section values, f3 

approaches unity as the temperature decreases indicating a high degree of 

hole trapping in this case. The fact that there is little trapping for the 

HgCdTe set of cross-section values and a high degree of hole trapping for 

the reversed set of cross-section values suggests that these cases will behave 

rather differently. 

Deep-level centers can change the responsivity both by decreasing 

the carrier lifetime by SRH recombination and by minority carrier trap-

. ping which reduces the effective mobility and diffusivity. In figure 4.3, the 

responsivity is shown as a function of the bias field for two values of the 

deep-level center density and the two sets of cross-section values. For the 

HgCdTe cross-section values, the responsivity decreases a little as the center 

density increases. There is very little trapping in this case and the decrease 

in responsivity results from SRH recombination. However, the responsivity 

is largely limited by carrier sweep-out effects and a small decrease in carrier 

lifetime does not have much effect. For the reversed cross-section values, 
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Figure 4.3: Responsivity at two values of the deep-level density as a function 
of the bias field. . 

---- --------- --- --
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there is a high degree of minority carrier trapping and the mobility and 

diffusivity are significantly reduced. As a result, sweep out is reduced and 

responsivity is increased by the minority carrier trapping centers. 

In figure 4.4, the three noise components are shown at a tem­

perature of 77 K as a function of bias for the two sets of cross section 

values. In figure 4.5, these noise components are shown at a bias field of 

40 V /crri as a function of 100/T. The total noise voltage is found by 

adding the three components quadratically [see equation (4.37)]. For the 

HgCdTe cross-section values, the background noise component increases 

linearly with field at small fields and saturates at larger fields. The band­

to-band thermal component increases linearly with increasing field at small 

fields and like the square root of field at high fields. This behavior is the 

same as occurs without the deep-level centers and has been discussed pre­

viously [4.3]. The trap component of the thermal noise increases linearly 

with increasing bias showing that this noise component is not strongly influ­

enced by carrier sweep out. For the reversed cross-section values, minority 

carrier trapping is significant, but not complete at 77 K. The background 

and hand-to-band thermal noise components have a field dependence sim­

ilar to that for the HgCdTe cross-section values but because the effective 
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Figure 4.4: The three noise voltage components and the total noise voltage 
as a function of the bias field. 
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Figure 4.5: A log plot of the three noise voltage components as a. function 
of 100fT. 
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mobility and diffusivity are smaller, owing to minority carrier trapping, the 

noise is larger and the saturation with bias field occurs at higher fields. 

The trap component of the noise increases at a rate which is sub linear with 

increasing bias field. 

For the HgCdTe cross-section values, the background noise com­

ponent and the trap component both decrease with decreasing temperature 

but the band-to-band thermal contribution decreases at a faster rate. These 

two components largely follow Po and nto, respectively. For the reversed 

cross-section values, the minority carrier trapping decreases the effective 

mobility. As a result, sweep-out effects become less important at low tem­

perature. Thus, the background noise component increases with decreas­

ing temperature. The band-to-band thermal and trap noise components 

decrease with decreasing temperature (because Po and nto are decreasing) 

but at a slower rate than for the case where minority carrier trapping is 

unimportant. 

From figure 4.5, it is seen that; at a trap density of 1016 cm-3 , a 

temperature of 77 K, a bias of 40 V fcm, and X = 0.21; the trap component 

of the noise is slightly greater than the band-to-band thermal noise and 

slightly less than the background contribution for a background flux of 1017 
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photons/cm2/s. Thus, under these conditions, the detector D· will be fairly 

close to the background limited value and the presence of deep-level centers 

will have degraded the detector performance only modestly. However, if 

lower background applications are considered (perhaps at lower detector 

operating temperature) the presence of deep-level centers can become quite 

important. 

In figure 4.6, D· is shown as a function of deep-level center den­

sity for three values of the backgro~nd flux. For a background flux 1017 

photons/cm2/s, D· is not significantly degraded by the deep-level centers 

until their density exceeds about 1016 cm-3 • At lower background fluxes, 

however, D· begins to degrade at lower trap densities. For the reversed 

cross-section value case, D· shows a somewhat more complex behavior. 

There is an initial small drop at a trap density of,..., 1015 cm-3 and a larger 

drop as the trap density exceeds a few times 1016 cm-3 • In the calculations 

in figure 4.6, Johnson noise has not -been included. For comparison, the 

Johnson noise for the detector parameters considered at 77 K is 4 X 10-10 

V/JHz. 
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Figure 4.6: Detectivity for three values of the background photon flux as a 
function of the deep-level density. 
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The dependence of the three components of the noise voltage on 

frequency for the two sets of cross-section values are shown in figure 4.7. 

The three components begin to roll off at approximately the same frequency. 

For the reversed cross-section values, the roll off occurs at lower frequencies 

than for the HgCdTe cross-section values because minority carrier trapping 

reduces the effect of sweep out for the reversed cross-section case. 

Conclusion 

In this chapter, a theory of the effect of deep-level centers on the 

g-r noise and responsivity of an intrinsic photoconductor has been pre­

sented. It is found that deep-level centers can influence the g-r noise in 

three main ways: (i) They can shorten the bulk excess carrier lifetime by 

Schockley-Read-Hall recombination. (ii) If the minority carrier capture 

rates are significantly larger than the majority carrier rates, they can trap 

the photogenerated minority carriers. This trapping reduces the effective 

minority carrier mobility and diffusivity and thus reduces the effect of car­

rier sweep out. (iii) The deep-level centers add a new thermal noise source 

which results from fluctuations between bound and free carriers. A se­

ries of calculations were performed for a X = 0.21, n-type Hgl-xCdxTe 
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Figure 4.7: A log-log plot of the three noise voltage components as a func­
tion of frequency. 
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photoconductor using the parameters of a commonly occurring deep-level 

center [4.6] in this material. It is found that fo-r typical bias, background, 

and temperature operating conditions (40 V Icm bias, 1017 photons/cm2 Is 

background, and T = 77 K) detector performance begins to degrade as 

the deep-level center density begins to exceed 1016 cm-3 • For the deep 

level parameters in n-type HgCdTe there is little minority carrier trapping. 

(The majority carri~r cross section is much larger than the minority carrier 

cross section.) To illustrate the effects of trapping, calculations were also 

performed in which the cross sections of the two carrier types were reversed 

from the physical HgCdTe values. 



CHAPTER 5 

NONLINEAR, TIM:E-DEPENDENT PHOTOCONDUCTIVE DEVICE 

MODELING 

In this chapter a one spatial dimension, photoconductive device 

model that is based on the time-dependent, convective/diffusive transport 

equations derived in chapter 2 is presented. Electron and hole trapping 

on deep-level impurities is accounted for by trapping-kinetics rate equa­

tions. The coupling between carrier drift and electric field is completed 

through Poisson's equation. The model equations are solved numerically 

with boundary conditions that represent ideal ohmic contacts. Computed 

results are presented for different photo conductor lengths and bias volt­

ages with spatially uniform, rectangular light-pulse excitation. Material 

parameters appropriate for iron-doped indium phosphide are used. 

Introduction 

A photo conductor , consisting of a piece of homogeneous semicon­

ductor material on which two electrical contacts have been made, is possibly 

95 
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the simplest semiconductor device. Photoconductors find applications in 

a variety of areas, such as high-speed signal sampling [5.1, 5.2, 5.3, 5,4, 

5.5], radiation detection [5.6, 5.7], and high-voltage pulse-power switching 

[5.8]. A wide variety of different semiconductor materials have been used 

for photoconductor applications. For most applications it is desirable to 

use a high resistivity material so that the dark current will be low, there­

fore, semi-insulating semiconductors are widely used. Semiconductors are 

made semi-insulating by intr<:>ducing a relatively large density of deep-level 

impurities into the material, which causes the Fermi energy level to be 

pinned near the center of the band gap and, thus, the number of thermally 

produced electron-hole pairs is relatively low. The deep-level impurities 

in the semiconductor also act as trapping and recombination centers, thus 

affecting the response of the photoconductor. 

Depending upon the application, photoconductors can take on a 

variety of different sizes and geometrical forms. In most cases the geomet­

rical characteristic of the photo conductor that most affects the response 

is the gap length, defined as the distance between the electrical contacts. 

Photoconductors can range in size from a few micrometers for devices used 

in high-speed sampling applications to a few centimeters in pulse--power 
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applications. The geometry of a photoconductor may be that of a gap in 

a micros trip transmission line constructed using the semiconductor as the 

dielectric. For pulse-power and radiation-detector applications, the pho­

to conductor may consist of a block of semiconductor material with the 

electrical contacts fabricated on two opposite faces of the block. 

The time-dependent response of a photo conductor will depend 

upon the characteristics of the semiconductor material, the geometry of 

the photoconductor, the properties of the electrical contacts, the char­

acteristics of the electrical circuit connected to the photoconductor, and 

the characteristics of the excitation source. ~ this chapter, a photocon­

ductor made from a semi-insulating semiconductor material with a single, 

deep-level impurity is considered. An example of such a material is iron­

doped indium phosphide (InP:Fe). Iron in indium phosphide is a deep, 

acceptor-like impurity with a single energy level and two charge states, 

neutral and negative. In chapter 3, the transient bulk-material response of 

InP:Fe was studied using a simple, trapping-kinetics rate equation model. 

In this chapter that work is greatly extended to include convective/ diffusive 

transport and space-charge effects on the photoconductive response. The 

work in chapter 3 can be considered to be a model of the intrinsic material 
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. response, whereas this work represents a complete photoconductive device 

model. 

A photoconductor is essentially a one-dimensional device in terms 

of current flow, so second-order effects occuring in the direction perpendic­

ular to the equilibrium electric field are not considered here. It is assumed 

that the electrical contacts have an infinite surface recombination veloc­

ity that keeps the carrier densities at the contacts at thermal equilibrium. 

A fixed potential difference applied to the photoconductor, representing a 

low-impedance external circuit, is also assumed. Computed results are pre­

sented for spatially uniform, rectangular excitation pulses with a duration 

suitable to illustrate the photo conductor rise and fall characteristics. 

This chapter is organized as follows: In the second section, time­

dependent model equations for a photo conductor with a single type of deep­

level impurity are formulated; in the third section, the numerical approach 

used to solve the nonlinear system of model equations is discussed; in the 

fourth section, a series of computed results are presented; in the fifth sec­

tion, experimental data that shows features which can be understood in 

terms of the model results is presented; and I conclude in the sixth section. 
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The Model Equations 

The dynamics of transient photoconductivity are assumed to be 

adequately described by continuity equations for electrons and holes, rate 

equations for trapping kinetics, drift/diffusion current equation~, and Po is-

son's equation. From chapter 2, the continuity equations for electrons and 

holes are 

(5.1) 

and 

ap 1 
at = g(r,t) - Rp(r,t) - qV .Jp , (5.2) 

where n(r,t) and p(r,t) denote electron and hole densities, g(r,t) is the 

electron-hole-pair photogeneration rate, Rn(r, t) and Rp(r, t) are the elec-

tron and hole reduction rates caused by trapping on deep-level impurities, 

q is the electronic charge, and In(r, t) and Jp(r, t) are the electron and hole 

current densities. For the InP:Fe model system, the sum of the density of 

iron sites in the neutral charge state, nT, and the negative charge state, nT, 

is equal to the total density, NT, of iron sites. 

(5.3) 
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Only a single continuity equation for trapping kinetics is required. It can 

be written in terms of negatively charged trapping sites (trapped electrons) 

as 

a;; = Rn(r, t) - Rp(r, t). (5.4) 

The electron and hole current densities are given as follows, using the 

drift/diffusion model which is derived from the Boltzmann transport equa­

tion: 

I n = q(I-'nEn + Dn Vn), 

J p = q(~pEp - Dp Vp), 

(5.5) 

(5.6) 

where ~n and J1.P are the electron and hole mobilities, E is the electric field, 

and Dn and Dp are the electron and hole diffusivities. Poisson's equation 

couples the transport of electrons and holes through the electric-field-driven 

convection (drift) component of the current densities; it is written as 

V2¢ = -V· E = -~(p - n - nT + Nri - NA), (5.7) 

where ¢ is the electric potential (E = - V ¢), E is the static dielectric con­

stant of the material, and N1; and NA are the shallow donor and acceptor 

doping densities (assumed to be spatially uniform). 
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The rate of carrier reduction, caused by trapping of electrons and 

holes on the deep-level impurity sites, is modeled as being proportional to 

the product of the free carrier density and the number of available trapping 

sites on which that carrier type can be captured. Thus the carrier reduction 

rates are written as 

(5.8) 

and 

(5.9) 

where 

(5.10) 

and 

(5.11) 

Here (un) and (Up) are the electron and hole thermal velocities, and Un 

and Up are the electron and hole capture cross sections of the trapping 

sites. Thermal emission of electrons and holes from deep-level sites at 

room temperature occurs at a slow rate. This thermalization process is not 

included in the model equations because it is not important on the time 

scales considered in this chapter. 
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The equations can be written in terms of excess densities, Lln, 

LlP, and LlnT' which represent deviations from the densities at thermal 

equilibrium. In the case of transient photoconductivity in semi-insulating 

semiconductors, the excess electron and hole densities are large compared 

to their thermal-equilibrium values. Detailed balance. and charge neutral-

ity are applied to the equations at thermal equilibrium [g(r, t) = 0] and, 

with the small thermal-equilibrium electron and hole densities neglected, 

equations (5.1)-(5.9) can be written as a: system of four equations in one 

spatial dimension. 

aLln _ _ [a(ELln) kTa2Lln] at = g(x,t)-Bn(NT-nTo-LlnT)Lln+JLn ax + q ax2 (5.12) 

aLlp _ _ [a(ELlP) kT a2LlPj at = g(x,t) - Bp(nTo + LlnT)Llp + JLp ax + q ax2 (5.13) 

(5.14) 

(5.15) 

Here, nTo is the thermal-equilibrium density of negatively charged trapping 

sites and Einstein's relation, Dn,P = Ie; JLn,P' has been used. 

To complete the mathematical description of the problem, bound-

ary conditions and initial conditions must be specified. The one-dimensional 
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photoconductive device model being considered has the electrical contacts 

as boundaries. The contacts are taken to be located at x = ° and x = L. 

With the assumption of ideal ohmic contacts with an infinite surface re­

combination velocity, the densities of electrons and holes at the electrical 

contacts are taken to be at thermal equilibrium, i.e., their excess densities 

are zero. The initial conditions for the excess electron and hole densities 

are zero as well. 

6n(O,t) = ° , 6n(L,t) = ° 
6n(x,0) = ° 
6p(0, t) = ° , 6p(L, t) = ° 
6p(X,0) = ° 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

Boundary conditions on equation (5.14) are not required because this equa­

tion is an auxillary rate equation for trapped (nonmobile) electrons and 

does not contain any explicit spatial coupling. The initial condition for 

this equation is that the excess density of negatively charged trapping sites 

is zero. 

6nT(x,0) = ° (5.20) 

An arbitrary reference point for electric potential can be chosen because the 
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coupling to the drift current is in terms of E = -at/; / ax and not in terms of 

t/; itself. The left electrical contact (x = 0) is chosen as the electric potential 

reference point and a voltage of - Va is applied to the photoconductor at 

x = L. Because the photoconductor is homogeneous and semi-insulating, 

the initial potential profile is linear, i.e., the initial electric field is constant. 

",(0, t) = ° , ",(L, t) = -Vo 

t/;(x, 0) = -Va ~ , E(x,O) = ~ 

(5.21) 

(5.22) 

The photoconductive-device model equations (5.12)-(5.15) are a 

nonlinearly coupled, parabolic/elliptic system of partial differential equa­

tions. One source of nonlinear coupling occurs through the electric field and 

the carrier densities in the convective (drift) term, and through Poisson's 

equation. This coupling works against charge separation of the electron 

and hole densities by changing the drift force on the electrons and holes 

through the electric field. Note that the density of negatively charged deep­

level impurities is present in Poisson's equation and therefore the electric 

field is also influenced by the charge that is "locked" onto the deep levels 

as trapped electrons and holes. The sensitivity of the electric field to the 

electron and hole densities is much greater here than in the usual device 
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problems where the doping density profile of the device structure sets up 

an operating electric field condition. 

Another source of coupling occurs through the trapping of elec­

trons and holes on the deep-level impurities, as represented by the nonlin­

ear "damping" terms in equations (5.12) and (5.13) and by the auxilliary 

rate equation (5.14). This coupling is quadratic in the specific case of 

InP:Fe and would be quadratic for other more complicated cases as well. 

In general there would be more deep-level states, and more auxillary rate 

equations would be required. If Poisson's ~quation (5.14) and the diver­

gence of current density terms in equations (5.12) and (5.13) are dropped 

under the assumption of spatial uniformity and charge neutrality; the bulk­

material-response, trapping-kinetics rate equation model used in chapter 3 

is recovered. 

Another important observation about the equations is the relative 

magnitude of the convective (drift) component of the current density com­

pared to that of the diffusion component. It appears that the drift current 

component will dominate the diffusion current component because k~!q is 

a small parameter for most cases of interest. However, because the electric 

field can vary considerably and sharp density profiles can result, there may 
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be regions in the photoconducter where the diffusion current component 

will be equal to or greater than the drift current component. Mathemati-

cally this feature is referred to as a singular perturbation of the equations, 

which results in "boundary layer" behavior. 

A conservation law exists for thi.s system of equations in the form 

of a spatial invariant that is the total current density JT(t). This invariance 

can be shown by taking the time deriyative of Poisson's equation (5.15) and 

substituting the three continuity equations (5.12), (5.13), and (5.14) into 

the right-hand side. This results in the expression 

a [ 8E] ax I n + Jp + e at = 0, 

which leads to the definition of the total current density as 

where 

aE 
JD=e­at 

(5.23) 

(5.24) 

(5.25) 

is the electromagnetic displacement current density. This spatial invariant 

property of the total current density, which is the one-dimensional form 

of V . JT = 0, will be used as a check of the accuracy of the numerical 

solutions. 
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Another important result is found by integrating equation (5.24) 

across the length of the photoconductor. The homogeneous Dirichlet bound-

ary conditions on the excess electron and hole densities and the fixed bias 

voltage applied to the photoconductor are used in the derivation of this 

result. The result can be written as 

q (L 
JT(t) = L fo E(x, t) [ttnn(x, t) + ttpp(x, t)] dx. (5.26) 

This integral form provides an alternate way of computing the total current 

density other than by summing the three current components at a given 

point. 

In preparation for the task of solving this problem numerically, 

the equations are put into dimensionless form. The nondimensionalization 

of the independent variables of equations (5.12)-(5.15) is performed by nor-

malizing the position x to the device length L and by normalizing the time 

t to a free parameter T, which is taken to be equal to 1 ns for the results pre-

sented in this chapter. The driving term is written as g(x, t) = goTJ(x)¢(t) , 

where go = max[g(x, t)] is the maximum electron-hole pair photogeneration 

rate and 0 ::5 TJ(x), ¢(t) ::5 1 gives the spatial profile and temporal shape 

of the applied radiation pulse. (In general, g(x, t) may not be separable 
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which causes no problems.) The excess electron and hole densities are then 

normalized to goT. A density constant N is used to normalize the excess 

negatively charged trap density. The value of N is taken to be 1015 cm-3 

for the results presented in this chapter. 

The electric potential .,p is normalized to the applied voltage Vo 

and, therefore, the electric field is normalized to Vol L. This results in the 

current densities being normalized to qLgo' The parameters T and N could 

be defined in terms of photoconductor phY,sical characteristics, but they 

have been left as free parameters to allow greater flexability in the scaling 

for the numerical computations. Using the five constants go, T, N, Vo, and 

L the dimensionless model equations corresponding to equations (5.12)-

(5.15) and the associated boundary and initital conditions corresponding 

to equations (5.16)-(5.22) can be written as 

an (")-1..(") ~T BA ( C A)" aln at = 7] x 0/ t -.J.YT n 1 - - nT n + ax' (5.27) 

" (" an) I n = An En + ,(J ax ' (5.28) 

ap (A)-I..(") 71.7- B" (C A_)" alp at = 7] x 'II t - .I.'YT p + nT P - ax' (5.29) 

(5.30) 
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2 A 

~x~ = -Q [I(p - n) - NTnT] , (5.32) 

A a¢ 
E = -- (5.33) ax' 

n(O, £) = ° , n(l, £) = 0, (5.34) 

p(O, £) = ° , p(l, £) = 0, (5.35) 

¢(O, £) = ° , ¢(1, £) = -1, (5.36) 

n(x,O) = 0, (5.37) 

p(x,O) = 0, (5.38) 

nT (x, 0) = 0, (5.39) 

¢(x,O) = -x , E(x, 0) = 1, (5.40) 

where the dimensionless variables and parameters are 

i t 
(5.41) - ;, 

x - x 
L' (5.42) 

n ~n 

(5.43) - , 
goT 

P 
~p 

(5.44) - , 
goT 
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nT - ~nT 
(5.45) 

NT 
, 

¢ 1/J 
(5.46) - Vo' 

E E 
(5.47) -

Vo/L' 

I 
goT 

(5.48) - N' 

NT 
NT 

(5.49) - N' 

C nTo 
(5.50) -

NT' 

En - NTBn, (5.51) 

Ep - NTBp, (5.52) 

i£n 
fJ.nVoT 

(5.53) - --, L2 

i£p 
jJ.pVoT 

(5.54) - IF , 

(j -
kT/q 

(5.55) 
Vo 

, 

Q 
qNL2 

(5.56) -
EVo 

Note that the electron and hole densities are nondimensionalized by goT 

but that the density of negatively charged deep-level impurities is nondi-

mensionalized by NT' 
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The Numerical Solution Method 

The nondimensionalized photoconductive-device model equations 

with the boundary and initial conditions are solved numerically. The nu­

merical technique used is based on a finite-difference spatial semidiscretiza­

tion of the nondimensionalized system of equations. The exponentially 

weighted, upwind-differencing scheme of Scharfetter and Gummel [5.9] is 

used in the discretization of the terms for the divergence of the current den­

sity. The spatial semidiscretization yields a system of nonlinearly coupled, 

first-order ordinary differential equations in time and algebraic equations 

resulting from Poisson's equation. This nonlinear ode/algebraic system of 

equations, with the boundary and initial conditions of the photoconductive­

device problem, is integrated forward in time using Gear's method. The 

electron, hole, and displacement current densities are found from the carrier 

densities and electric potential in a post computation. The total current 

density is computed by summing the three current components, and the 

degree of spatial invariance as a function of time is used as a check of the 

accuracy of the computation. 
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The spatial semidiscFetization of the nondimensionalized equa-

tions is performed assuming a nonuniform spatial grid. For the compu-

tations presented here, the nonuniform spatial grid has to be dense near 

the boundaries to resolve the boundary layer behavior of the densities and 

potential. Because the reg'ion requiring dense grid points is reasonably 

well-known and remains relatively constant throughout the computation, 

the nonuniform spatial grid can rez:nain fixed. The dimensionless, discrete 

independent and dependent variables are designated by a "-". The N 

nonuniform spatial grid points Xi E [0,1], i = 1,···,N are generated using 

the function 

(5.57) 

where ~ E [0,1] sets the degree of nonuniformity of the grid points. For the 

compuational results presented in this chapter, 101 grid points are used 

(including the boundary points) and ~ = 0.99. 

The accuracy of the computation is determined by checking the 

degree of spatial invariance of the total current density computed by sum-

ming the three current components. The spatial invariance of the total 

current density is a property of the continuous system of equations and 
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is not necessarily preserved in solving the system of discretized equations. 

The goal is to discretize the equations, allocate the spatial grid points, and 

integrate forward in time in a way that approximates the solution to the 

continuous equations. Checking the spatial invariance of the total current 

density computed by summing the three components is one way of deter-

mining the degree to which the discrete solution approaches the continuous 

solution. The discrete, dime~ionless form of equation (5.24) is 

(5.58) 

where now the total current de~ity computed by summing the three com-

ponents (subscript "S") is not necessarily independent of x. The integral 

form of the total current density (subscript "1") corresponding to equation 

(5.26) is independent of x. 

(5.59) 

Here the integral symbolically represents a quadrature scheme, such as 

Simpson's rule. A relative error based on the degree of spatial invariance 

of the summed current density jTs (x, t) is defined as 

(5.60) 
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Here a is chosen equal to ,... 1% of the maximum current density and serves 

to keep the error GJ(t) well-defined at times when the current density is 

close to zero (e.g., the begining of the excitation pulse). If this error is found 

to be greater than a few percent, the spatial region where the error was 

greatest is found, the spatial grid is adjusted to better resolve that region, 

and the computation is then re-run. This idea could be used as the basis of 

an adaptive mesh technique, but I have found that obtaining satisfactory 

results using a fixed nonuniform spatial mesh is straightforward. The region 

of greatest error is usually easy to identify, and this region does not shift 

greatly as the photoconductor responds to the excitation pulse. For the 

computational results presented in the following section of this chapter, 

the maximum value of the relative error was never greater than 2% and 

was frequently much less than 1%. 

Computational Results 

The range of values that the parameters of the photoconductive­

device model equations can take under various conditions is large. To 

provide an understanding of some of the behavior characteristics of a pho­

toconductor, a number of cases are presented that cover a portion of the 
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parameter space. For all cases, it is taken that the photoconductor is 

uniformly illuminated [1](x) = 1] and that the excitation pulse has a rect­

angular temporal shape [4>(£) = 0 when the excitation is off and if>(£) = 1 

when the excitation is on]. The duration of the pulse is taken to be 250 

ns (rising at t = 19 and falling at t = 260), which is long enough for the 

photoconductor to achieve a near-steady-state condition. Three different 

excitation intensities are considered in order to represent the linear, low­

intensity-limit response; a medium-intensity response; and a high-intensity 

response. These three responses are demonstrated by using generation rates 

go of 1018, 1020, and 1022 cm-Ss-l • 

The first case considers a photo conductor with a length L = 

100 J.l.m and an applied bias voltage Vo = 5 y. This case represents an 

intermediate-length photoconductor operating under an intermediate-electric­

field-strength condition of 500 V /cm. Two cases that differ only in using 

voltage biases of 1 V and 25 V, giving low- and high-electric-field-strength 

operating conditions, are then considered. Next, a case is considered with 

L = 10 J.l.m and Va = 0.5 V. This represents a short photoconductor oper­

ating under intermediate-electric-field-strength conditions. Finally, a case 

with L = 1000 J.l.m and Vo = 50 V, which represents a long photoconductor 
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operating under intermediate-electric-field-strength conditions, is consid­

ered. The trapped space charge remaining after an excitation pulse means 

that a second pulse will have different initial conditions than the first pulse. 

The effect of this nonequilibrium trapped-charge distribution on photocon­

ductor response is demonstrated by presenting the results of double-pulse 

computations performed with the parameters of the first case (L = 100 J1.m 

and Vo = 5 V). 

The material parameters are chosen to represent InP:Fe. An elec­

tron mobility J1.n = 2000 cm2/Vs and a hole mobility J1.p = 100 cm2/Vs 

are assumed. A total deep-level-impurity (iron) density of NT = 1016 cm-3 

with a thermal-equilibrium, negative-charge-state density nTo = 1014 cm-3 , 

or 1% of the total density~' is assumed. The trapping rate parameters are 

taken to be Bn = 1.6 X 10-7 cmS Is and Bp = 1.2 X 10-7 cm3 Is. This 

choice corresponds to the modeling work presented in chapter 3 on the 

bulk-material transient photoconductive response of InP:Fe in giving the 

ratio Bpi Bn ~ 0.75 and giving aIJ. equilibrium electron capture time con­

stant of 0.63 ns. 

The two free parameters, N and T, are chosen as N = 1015 

cm-s and T = 1 ns which gives reasonable values for the dimensionless 
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parameters. The resulting dimensionless parameters for the first case are 

I - 10-6, 10-4 , and 10-2, (5.61) 

NT - 10, (5.62) 

c - 0.01, (5.63) 

Bn - 0.16, (5.64) 

Bp - 0.12, (5.65) 

/In - 0.1, (5.66) 

/lp - 0.005, (5.67) 

u - 0.0052, (5.68) 

Q - 2884. (5.69) 

The three different values for I correspond to low-, medium-, and high­

intensity excitations. 

Because the electron mobility is approximately 20 times greater 

than the hole mobility, the electron current will dominate the hole current 

unless the hole density becomes much greater than the electron density. 

The equilibrium density of deep levels is taken to be predominantly neutral 

(capable of capturing electrons but not holes) and therefore the electron 

---_ .. _----------_._--
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capture rate is much greater than the hole capture rate. Time constants 

for equilibrium electron and hole capture are defined as 

1 
(5.70) Tno -

Bn(NT - nTo) , 

1 
(5.71) Tpo -

BpnTo' 

which have the values Tno = 0.63 ns and Tpo = 83 ns for the parameter val-

ues chosen. These time constants dominate the recombination rate at low 

excitation intensities. Because Tpo ~ T;"Io at low intensities, the hole density 

can far exceed the electron density and therefore the hole component of the 

current can become significant. At high intensities the percentage of neg-

atively charged deep levels becomes greater because of electron trapping, 

and in the limit of very high intensity the electron and hole capture rates 

become equal. The dynamics of these trapping processes has been pre-

sented in chapter 3. In this chapter, a full description of the dynamics of 

the transient response of a photoconductor, which includes the important 

effects of transport and charge separation, is presented. 

The computed results for the first case (L = 100 Jl.m and Vo = 5 

V) are shown in figures 5.1-5.5. Figure 5.1 shows the computed total 

current density for the three different intensities. The response of the 
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Figure 5.1: Normalized' total current density as a function of time for a 
100-JLm-Iong photoconductor with 5-V bias. 
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photo conductor is seen to be sub linear with intensity. A breakpoint be­

tween the fast-rising electron component of the current and the slower hole 

component of the current can be seen at approximately the same normal­

ized amplitude (0.08) on the leading edge of the pulse for each intensity. 

The fall of the pulse also contains a fast electron component and a slow 

hole component. The decay tail, predominantly caused by hole current, 

relaxes faster at higher intensities, as expected because of the increased 

hole trapping rate (Le., a larger density of negative trap sites are. available 

to capture holes under high-intensity excitation than under low-intensity 

excitation). The medium- and high-intensity-excitation results show an 

overshoot in the total current. This overshoot is smaller and broader for 

the medium-intensity result than for the high-intensity result. 

The spatial profiles of the electron density, hole density, and neg­

ative trap density at four different times, t = 0, 30, 250, and 300, are 

shown in figures 5.2-5.4. The electron denisty profiles shown in figure 5.2 

are quite uniform and linear with intensity in the central region of the pho­

toconductor. The response of the electron density in this region is given 

accurately by trapping-kinetics rate equations alone. The time constant 

for the response at all three intensities is I"oJ Tno because the 'value of ~nT 
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Figure 5.2: Normalized excess electron density as a function of spatial 
position at four different times for the case L = 100 p,m and Vo = 5 V. 
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remains small relative to NT. That is, the electron density rises to and falls 

from the the value goTno with a time constant of Tno' The electron density 

is only perturbed by the boundary effects in a narrow region adjacent to 

the electrical contacts. 

The hole density profiles are shown in figure 5.3. At t = 30 ns 

(20 ns after the pulse turn on), the central region densities are spatially 

uniform and nearly equal for the three intensities. At t = 250 and 300 ns, 

the medium- and high-intensity results are spatially uniform in the central 

region of the photo conductor whereas the low-intensity profiles have no spa­

tially uniform region. For those regions in which a spatially uniform density 

profile occurs, response times and values are given by trapping-kinetics rate 

equations alone. Under the high-intensity-excitation condition, the nega­

tively charged trap density (which can capture holes) has been increased by 

a factor of 3, whereas, at low and medium intensities it has betm changed 

very little. With an electric field of 500 V / cm, a hole takes,..,. 50 ns to drift 

halfway across the photoconductor. At low intensity the electric field is not 

greatly perturbed from the initial (spatially uniform) value and, therefore, 

the drift time is less than the hole trapping time Tpo' which leads to a spa­

tially nonuniform hole density. At medium and high intensities the electric 

--.--.-.---~-
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Figure 5.3: Normalized excess hole density as a function of spatial position 
at four different times for the case L = 100 p,m and Vo = 5 V. 
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field is significantly reduced in the central region of the photocond-uctor 

(see figure 5.5). Therefore, the drift time is increased, resulting in spatially 

uniform hole profiles in this region. 

The negatively charged trap density profiles are shown in figure 

5.4. For regions in which both the electron and hole density profiles are 

uniform, the trap density profile is also uniform and is given by trapping­

kinetics rate equations alone. At low, medium, and high intensities the 

maximum value of .tonT is 2.3 x 1011 cm-s, 1.3 x lOiS cm-s, and 2.4 x 1014 

cm-3 , respectively. These values are all small compared with NT - nTo' so 

the electron capture rate is not significantly affected. However, the high­

intensity value is comparable with the value of nTo and therefore the hole 

capture rate is significantly affected. 

The electric field profiles are shown in figure 5.5. The electric 

field at the left contact has a value of ,..., 9 for t = 30, a value of ,..., 26 for 

f = 250, and a value of ,..., 35 for f = 300. The low-intensity computation 

corresponds to a linear limit where the electron and hole equations are 

effectively uncoupled and the electric field remains essentially uniform. At 

medium and high intensities, significant space charge develops near the 
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Figure 5.5: Normalized electric field as a function of spatial position at four 
different times for the case L = 100 p.m and Vo = 5 V. 



127 

electrical contacts. This results in the electric field becoming very large 

near the boundaries and' uniformly reduced in the central region of the 

photoconductor. The degree of nonlinearity caused by the coupling between 

the charged species and the electric potential is best seen by observing the 

degree of nonuniformity of the electric field profile. 

As seen in figures 5.2, 5.3, and 5.4, large regions exist in which the 

the densities are spatially uniform and have their dynamics described by 

the trapping-kinetics rate equations alone. However, this does not imply 

that the current densities are described by this model. Because the electric 

field is significantly reduced over these spatially uniform regions, the total 

current density computed by equation (5.59) is seen to be less than if the 

electric field remained uniform, as is assumed in the bulk-material-response 

model. Alternatively, the current density can be computed at a point, say 

in the spatially uniform central region of the photoconductor. It can be 

seen from equation (5.58) that the total current density is less because of 

the reduced electric field over a large portion of the photo conductor. 

The slow overshoot of the current in the medium-intensity re­

sponse and the faster overshoot in the high-intensity response seen in fig­

ure 5.1 results from the change in the electric field in response to charge 

------------------
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separation. The overshoot occurs because the electron density in the cen­

tral region of the photo conductor reaches the maximum amplitude before 

the electric field has relaxed completely in that region. The rate at which 

the electric field relaxes to the fiIia~ value is faster for higher carrier den­

sities and can be thought of as a high-level-injection dielectric relaxation 

time. 

Keeping all conditions the same except for the applied voltage, 

two other cases are considered with v;, = 1 V and v;, = 25 V. The total 

current densities at the three intensities for these two cases are shown in 

figures 5.6 and 5.7. Thus, figures 5.6, 5.1, and 5.7 show the device 

response for increasing electric-field strength. The device response is seen 

to be sub linear :with bias voltage at all three intensities. The low-electric­

field-strength case shown in figure 5.6 most closely resembles the bulk­

material-response model. The magnitude of the response in figure 5.6 is 

less than that given by the bulk-material-response model, and the long­

time-constant tails caused by hole current are less pronounced. As the bias 

voltage is increased the deviation from the bulk-material-response model, 

which would be linear in bias voltage, increases and the long-time-constant 
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Figure 5.6: Normalized total current density as a function of time for a 
100-JLm-Iong photoconductor with I-V bias. 
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Figure 5.7: Normalized total current density as a function of time for a 
100-JLm-Iong photoconductor with 25-V bias. 
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hole-current tails are reduced. At medium and high intensities the current 

overshoot becomes more pronounced with increasing bias voltage. 

Keeping all conditions the same except for the device length, two 

other cases are considered with L = 1000 pm and L = 10 pm. The bias 

voltage for these two cases was taken to be Vo = 50 V and Vo = 0.5 

V, respectively, so the equilibrium electric-field strength is the same as 

in the first case, namely, 500 V fcm. The total current density at the three 

intensities for these two cases are shown in figures 5.8 and 5.9. Thus, 

figures 5.8, 5.1, and 5.9 show the transient photoconductive response as a 

function of decreasing device length. The magnitude of the total current 

density (accounting for the length in the nondimensionalization) decreases 

with decreasing length. Going from L = 1000 pm (figure 5.8) to L = 100 

pm (figure 5.1), the current density decreases by - 30%. Going from L = 

100 pm (figure 5.1) to L = 10 pm (figure 5.9), the current density decreases 

by a greater amount. Note that for the 10-pm device, the response is nearly 

linear with intensity. The 1000-pm-device response most closely resembles 

the bulk-material-response model. It also closely resembles the lOO-pm, 

0.5-V case (figure 5.6) when current scaling is accounted for (multiply the 

figure 5.8 response by a factor of 2). As the length decreases the deviation 
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lOOO-JLm-Iong photo conductor with 50-V bias. 
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10-~ni-Iong photo conductor with 0.5-V bias. 



134 

from the bulk-material-response model increases. Thelong-time-constant 

tails are reduced and overshoot effects appear. 

One important aspect of device response results from the trapping 

of charge on deep-level impurities. The time constant for the return of the 

deep leyels to their thermal-equilibrium charge state by thermal emission of 

electrons and holes can be quite long, i.e., as long as milliseconds. I have not 

included this thermal-emission process in my model equations because it is 

not important on the time scales that are considered in this chapter. The 

effect of the spatially nonuniform trapped-charge distribution on the pho­

toconductor response comes about mainly through the electric field. After 

the electron and hole densities have returned to zero, the electric field may 

still be highly nonuniform because of the trapped-charge distribution. The 

photo conductor response to a second pulse may therefore be quite different 

than its response to the first pulse applied in thermal equilibrium, owing to 

the different initial conditions. Figure 5.10 shows double-pulse computa­

tional results using the same parameter values as the first·case presented in 

this chapter (100 p.m and 5 V). Note that for low-intensity excitation the 

photoconductor response to both pulses is the same, whereas at medium­

and high-intensity excitation levels the reponse to the second pulse is 
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Figure 5.10: Normalized total current density for double-pulse excitation 
as a function of time for a 100-J-tm-Iong photo conductor with 5-V bias. 
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quite different than the response to the first pulse. The current overshoot 

seen in the first pulse, resulting from the relaxation of the electric field, is 

reduced in the second pulse response. In a repetitive pulse experiment, a 

dynamic steady-state condition would be reached and the amount of over­

shoot would depend upon the repetition rate and the thermal-emission time 

constant. The thermal-emission time constant is an extremely strong func­

tion of temperature, and predicting its behavior requires detailed knowledge 

of the deep-level trap characteristics. 

Experimental Observation of Overshoot 

The overshoot behavior caused by the electric-field-relaxation time 

constant that was seen in many of the computations has also been experi­

mentally observed. Figure 5.11 shows experimental data taken at four dif­

ferent intensities using an InP:Fe photoconductor with a 25-Jlm gap length 

and an applied bias voltage of 30 V. The photo conductor was excited 

by a near-infrared, single-mocle injection laser diode. The temporal shape 

of the excitation pulse was rectangular with subnanosecond rise and fall 

times, and the illumination of the photoconductor was nearly spatially uni­

form. The excitation intensity increases going from figure 5.11{a) to figure 

------------ ------ .. ----
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TIME: 50 "s/dlv 
Figure 5.11: Experimental data showing overshoot behavior of the electron 
current component. 
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5.11(d). The data in panels (a)-(c) has an additional amplification factor 

of 10 as compared with the data in panel (d). The low-intensity response 

presented in p.anel (a) shows no sign of overshoot. Panel (b) shows the 

response at a higher intensity and overshoot is clearly visible. As the in­

tensity is increased further, as shown in panels (c) and (d), the overshoot 

is seen to decay faster to the steady-state response in the same way as ob­

served in the computational results. The experimental data is qualitatively 

consistent with the computational results, which show faster decay of the 

overshoot to steady state as a function of intensity. 

Conclusion 

In this chapter, model equations that account for two of the most 

important factors in photoconductor transient response have been pre­

sented. One of these factors is the reduction of excess electron and hole 

densities by trapping on deep-level sites. The dynamics of this process 

are modeled as being proportional to the product of the carrier density 

times the number of available trapping sites on which that carrier type can 

be captured. The electron and hole densities are coupled by this process 

through auxiliary continuity equations for the density of available deep-level 
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trapping sites. This process is linear as long as the charge states of the deep­

level trapping sites remain near their thermal-equilibrium values. The effect 

of changing charge-state density of deep-level trapping sites comes into the 

model quadratically with the carrier densities. The consideration of this 

process alone gives the basic material-response characteristics of the semi­

conductor, and in the case of InP:Fe, this simple model was studied in 

detail in chapter 3. 

Another factor affecting photoconductive transient response which 

was considered was the convective/diffusive transport of electrons and holes. 

This process comes into the continuity equations for electrons and holes 

through the term for the divergence of the current density. The current 

densities are defined by the standard drift/diffusion model, which intro­

duces the electric field as an important variable because the electric field is 

the dominant force for most operating conditions of photoconductors. The 

process of diffusion is important near the boundaries of the problem and is 

required to make the problem mathematically well-posed. 

In the limit of long device length and low electric field, the re­

sponse qualitatively approaches that of the bulk material. At high inten­

sities the amplitude of the response is less than what would be predicted 
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from the bulk model, however, because of the reduction in the electric field 

over most of the length of the device. In the case of photoconductors that 

are not operating in this long-device, low-electric-field limit, transport is 

an important factor in photoconductor response. One important feature of 

the response in these cases is that of an overshoot in the current response. 

The overshoot comes about when the carrier density reaches its maximum 

value before the electric field has relaxed to its minimum value. The decay 

of the overshoot is faster for higher intensity excitation and indicates the 

time constant at which the electric field is relaxing. 

The ability to faithfully reproduce an incident pulse shape is an 

important characteristic for a photo conductor used as a radiation detector. 

Linearity over a wide dynamic range of intensities is also very important. 

As indicated from the computational results presented in this chapter (in 

particular figure 5.9), these desirable characteristics would be best achieved 

using a short photoconductor with a large bias voltage. 

Factors other than trapping and transport that contribute to pho­

to conductor transient response may need to be considered in future model­

ing. One of these factors is the electrical contact characteristics, which may 

not have the ideal properties that were assumed. Another important case 
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to be considered is that of a photo conductor operating in a "switching" 

application, where the voltage across the photo conductor does not remain 

constant but may drop to some low value dependent on the intensity of 

. the excitation and the impedance of the external electrical circuit. Velocity 

saturation and negative differential mobility also need to be considered in 

regions of high electric field. 



CHAPTER 6 

CONCLUSION 

A model of the bulk-material photoconductive r~sponse based on 

the dynamics of electron and hole trapping and recombination on deep­

level impurities was presented in chapter 3. From this trapping-kinetics, 

rate equation model, it was learned that the essential features of iron-doped 

indium phosphide that lead to the experimentally observed behavior are the 

following: 

(1) The electron mobility is '" 20 times larger than the hole mobility. 

(2) The capture rate coefficients of electrons and holes, Bn and Bp , are 

approximately equal. 

(3) At thermal equilibrium, the density of neutral iron sites (which can 

capture electrons) is much greater than the density of negatively charged 

iron sites (which can capture holes). 

Because the electron mobility far exceeds the hole mobility, the 

electron current dominates the hole current in the photoconductor response 

142 
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unless the density of holes is much greater than the density of electrons. 

At low intensities, the equilibrium population of iron charge states is not 

significantly changed by the photogenerated carriers. As a result, the cap­

ture rates of electrons and holes are independent of the carrier densities, 

and the electron and hole densities decay as independent exponentials with 

different time constants. The model equations describe this behavior in 

the limit of small I. In this case, the electron time constant is given by 

Tno and the hole time constant is given by (1 - C)TnolBC. Because the 

neutral iron density exceeds the negatively charged iron density (C « 1), 

the electron time constant is much less that the hole time constant. For 

low-intensity impulse excitation, the electron and hole densities are initially 

equal so that the electron time constant Tno dominates the response. For 

low-intensity pulse excitation with a pulse length much greater than Tno , 

the hole density can build up to far exceed the electron density. In this 

case, the contribution to the photo conductor response resulting from hole 

conduction is important. The photoconductor response will show a fast 

time constant owing to electron current and a slow time constant owing 

to hole current. Because of the larger contribution of hole current, the 

photoconductor response does not faithfully reproduce the driving pulse. 
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At high intensities, the electron and hole densities do not decay 

independently. Indeed, for electron and hole densities far exceeding the 

total iron concentration, the electron and hole densities are approximately 

equal. Thus, they decay together so that 

(6.1) 

This equation determines the charge-state densities of the iron impurities. 

The mutual decay time constant of the electrons and holes is seen to be 

(1- CH1 + B) 
"HI ~ B "no· (6.2) 

This high-intensity time constant holds as long as the density of electrons 

and holes exceeds that of the iron impurities. For high-intensity impulse 

excitation, the electron and hole densities decay with the time constant 

"HI. From equation (3.26) it can be seen that "HI is somewhat larger than 

"no. For high-intensity pulse excitation, the electron and hole densities are 

equal and respond with a time constant "HI. Thus, for pulses which are long 

with respect to "HI, the photoconductor faithfully reproduces the excitation 

pulse shape. 

InP:Fe photoconductors are often used as radiation detectors. 

From the results presented here it is shown that, for low-intensity 
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excitation, the material response can be described as having two different 

time constants. The shorter time constant results from electron trapping 

and the longer time constant results from hole trapping. For radiation 

pulse lengths intermediate between these two time constants, detectors can 

faithfully replicate the temporal shape of the incident radiation signal. For 

radiation pulse lengths comparable to the longer (hole) time constant, the 

temporal response shape of the detector will be distorted. Of course, for 

radiation pulse lengths much longer than the hole time constant, the de-

tector will faithfully replicate the radiation pulse shape. For high-intensity 

excitation, the detector response is determined by the single time constant 

THI' The detector will faithfully replicate a high-intensity radiation pulse 

which is long with respect to this time constant. 

For fast pulse generation and sampling applications, the impulse 

response of the photo conductor is the important characterictic. My results 

show that the material response following impulse excitation is essentially 

an exponential decay. The decay time constant for low-intensity excitation , 

is the equilibrium electron-capture time constant rno' For high-intensity 

impulse excitation, the decay time constant THI is longer. 
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The model presented in chapter 3 qualitatively accounts for the 

experimentally observed behavior and provides an understanding of the 

photoconductive response of InP:Fe based on the trapping and recombi­

nation of electrons and holes on deep-level iron impurities. The model 

parameters B and C were chosen to provide the best agreement with the 

experimental data. It is not claimed that the values chosen for Band C 

accurately represent the true material parameters for InP:Fe. The model 

displays the same basic behavior with some variation in Band C, and some 

aspects of the model behavior are dependent on the BC product. 

In chapter 4, a theory of the effect of deep-level centers on the 

generation-recombination noise and responsivity of an intrinsic photocon­

duct or was presented. It was found that deep-level centers can influence the 

g-r noise in three main ways: (i) They can shorten the bulk excess carrier 

lifetime by Schockley-Read-Hall recombination. (ii) IT the minority carrier 

capture rates are significantly larger than the majority carrier rates, they 

can trap the photogenerated minority carriers. This trapping reduces the 

effective minority carrier mobility and diffusivity and thus reduces the effect 

of carrier sweep out. (iii) The deep-level centers add a new thermal noise 

source which results from fluctuations between bound and free carriers. A 
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series of calculations were performed for a X = 0.21, n-type Hg1_xCQ.xTe 

photoconductor using the parameters of a commonly occurring deep-level 

center in this material. It was found that for typical bias, background, 

and temperature operating conditions (40 V /cm bias, 1017 photons/cm2/s 

background, and T = 77 K) detector performance begins to degrade as 

the deep-level center density begins to exceed 1016 cm-3 • For the deep 

level parameters in n-type HgCdTe there is little minority carrier trapping. 

(The majority carrier cross section is much larger than the minority carrier 

cross section.) To illustrate the effects of trapping, calculations were also 

performed in which the cross sections of the two carrier types were reversed 

from the physical HgCdTe values. 

In chapter 5, model equations that account for two of the most im­

portant factors in photoconductor transient response have been presented. 

One of these factors is the reduction of excess electron and hole densities by 

trapping on deep-level sites. The dynamics of this process are modeled as 

being proportional to the product of the carrier density times the number 

of available trapping sites on which that carrier type can be captured. The 

electron and hole densities are coupled by this process through auxiliary 

continuity equations for the density of available deep-level trapping sites. 
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This process is linear as long as the charge states of the deep-level trapping 

sites remain near their thermal-equilibrium values. The effect of chang­

ing charge-state density of deep-level trapping sites comes into the model 

quadratically with the carrier densities. The consideration of this process 

alone gives the basic material-response characteristics of the semiconduc­

tor, and in the case of InP:Fe, this simple model was studied in detail in 

chapter 3. 

Another factor affecting photoconductive transient response which 

was considered was the convective/ diffusive transport of electrons and holes. 

This process comes into the continuity equations for electrons and holes 

through the term for the divergence of the current density. The current 

densities are defined by the standard drift/diffusion model, which intro­

duces the electric field as an important variable because the electric field is 

the dominant force for most operating conditions of photoconductors. The 

process of diffusion is important near the boundaries of the problem and is 

required to make the problem mathematically well-posed. 

In the limit of long device length and low electric field, the re­

sponse qualitatively approaches that of the bulk material. At high inten­

sities the amplitude of the response is less than what would be predicted 
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from the bulk model, however, because of the reduction in the electric field 

over most of the length of the device. In the case of photoconductors that 

are not operating in this long-device, low-electric-field limit, transport is 

an important factor in photo conductor response. One important feature of 

the response in these cases is that of an overshoot in the current response. 

The overshoot comes about when the carrier density reaches its maximum 

value before the electric field has relaxed to its minimum value. The decay 

of the overshoot is faster for higher intensity excitation and indicates the 

time constant at which the electric field is relaxing. 

The ability to faithfully reproduce an incident pulse shape is an 

important characteristic for a photo conductor used as a radiation detector. 

Linearity over a wide dynamic range of intensities is also very important. 

As indicated from the computational results presented in chapter 5, these 

desirable characteristics would be best achieved using a short photoconduc­

tor with a large bias voltage. 

Factors other than trapping and transport that contribute to pho­

to conductor transient response may need to be considered in future model­

ing. One of these factors is the electrical contact characteristics, which may 

not have the ideal properties that were assumed. Another important case 
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to be considered is that of a photo conductor operating in a "switching" 

application, where the voltage across the photoconductor does not remain 

constant but- may drop ~o some low value dependent on the intensity of 

the excitation and the impedance of the external electrical circuit. Velocity 

saturation and negative differential mobility also need to be considered in 

regions of high electric field. 
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