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Two high speed diffusion mechanisms in semiconductor heterostructures, diffusive conduction, and
giant ambipolar diffusion, are compared and shown to be nearly equivalent descriptions of the same
physical process. Fundamental limits of this process are discussed. © 2002 American Institute of
Physics. 关DOI: 10.1063/1.1453508兴

I. INTRODUCTION

II. QUALITATIVE DESCRIPTIONS OF ENHANCED
DIFFUSION

The response of semiconductor devices to photogenerated carriers has been a critical area of research over the past
several decades due to the wide variety of uses for lightsensitive devices, such as photodetectors, optical switches,
and lasers. Carrier dynamics due to diffusion often play an
important role in the behavior of these types of devices and
have been extensively investigated. For example, it has been
shown that in bulk material, ambipolar diffusion is the primary diffusion mechanism for photogenerated carriers.1– 6 In
the mid-to-late 1980’s, it was discovered, however, that diffusion in semiconductor p-i-n diode and n-i-p-i structures
could exhibit a response several orders of magnitude faster
than ambipolar diffusion. Two mechanisms were separately
proposed: diffusive conduction and giant ambipolar
diffusion.7,8 Since that time, work based on these phenomena
has progressed.9–13
Unlike in a bulk semiconductor material, in reversebiased diodes, n-i-p-i’s, and biased n-i-n or p-i-p devices
electrons and holes separate, building up a carrier densitydependent screening potential between them. As will be
shown, it is this difference which accounts for the dramatically enhanced diffusion in diodes versus bulk material.
These very large diffusion mechanisms are strong enough to
play a central role in high-speed electronic devices and optoelectronic switches;10 it is therefore critical to clarify these
mechanisms. Moreover, studying this behavior also provides
a greater understanding of semiconductor carrier dynamics.
To the best of our knowledge, however, a direct comparison has not been made between giant ambipolar diffusion
and diffusive conduction.14,15 In this article, qualitative descriptions of enhanced diffusion are provided first. Next, a
general approach to modeling charge transport dynamics is
given, and the branching point in the assumptions made between the phenomenological approaches of diffusive conduction and giant ambipolar diffusion is identified. Quantitative
descriptions of these approaches and their resulting conclusions are reviewed and then compared, showing their equivalence. Finally, fundamental limits of this enhanced diffusion
are discussed.

Enhanced diffusion may be described from two different
perspectives: microscopic, focusing on charge motion, or
macroscopic, observing the voltage dynamics of the system.
Diffusion in semiconductors is often approached microscopically. In bulk semiconductor material in the absence of electric fields, photogenerated carrier dynamics are well described by regular ambipolar diffusion: when a neutral
distribution of excess carriers is created in bulk semiconductor material, e.g., via photogeneration, the electrons and
holes predominantly move together. Local charge neutrality
is approximately maintained, in spite of the different mobilities of the charge carriers, because the Coulomb attraction
between an electron and hole is much stronger than the dispersive effects of diffusion alone. As a result, electrons and
holes diffuse together with a single diffusion coefficient that
equals a weighted average of the 共isolated兲 electron and hole
diffusion coefficients.
The material composition of p-i-n diodes, n-i-p-is, and
other similar semiconductor structures is direction dependent; carrier motion in the direction perpendicular to the layers, hereafter referred to as either z or ‘‘vertical,’’ may be
quite different from that of motion parallel to the planes, here
defined as ‘‘lateral’’ or . In these types of devices, photogenerated electrons and holes in the intrinsic region separate in
the vertical direction due to the built-in and/or applied voltage across the layers of the device. Note that this article only
addresses lateral carrier dynamics, not vertical. Vertical carrier transport has been the subject of extensive research; see,
for example, Refs. 16 –20. Understanding the effects that
vertical charge separation has on lateral carrier movement is,
however, critical and can be subtle. Briefly, the vertical separation of a localized group of photogenerated carriers creates
a lateral voltage gradient that pushes both electrons and
holes away much faster than does ambipolar diffusion
alone.21
How and why does this happen? A schematic view of a
p-i-n device is presented in Fig. 1 共top兲. The bias voltage
across the intrinsic region is linearly related to ⌽ np , the
separation between the quasi-Fermi levels of the electron,
⌽ n , and hole, ⌽ p . After a pulse of light is absorbed, the
photogenerated carriers vertically separate and the electric
field in the intrinsic region is screened, although only in the
vicinity of the incident pulse light beam. The results are il-
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FIG. 1. Schematic diagrams showing how an incident light pulse may create effective lateral electric fields in a reverse biased p-i-n structure. 共Top兲 a light
pulse incident from the top on a p-i-n device is absorbed in the intrinsic region, creating electrons 共black circles兲 and holes 共white circles兲 that quickly
vertically separate along z due to the built-in and/or reverse applied bias. 共Middle, left兲 where no incident light shines, the difference between the electron and
hole quasi-Fermi levels, ⌽ np , is determined by the built-in/reverse bias voltage. 共Middle, right兲 on the other hand, where the incident light is absorbed, the
vertically separated carriers shield the voltage. As a result, ⌽ np changes significantly because it is an approximately linear—not logarithmic—function of the
separated photogenerated carrier density. 共Bottom兲 because of the vertical separation of the photogenerated carriers, ⌽ np has a lateral dependence that mimics
the lateral intensity variation of the incident light pulse. The resulting lateral gradients of both the electron, ⌽ n , and hole, ⌽ p , quasi-Fermi levels produce
electric fields in the n and p layers. These fields help ‘‘push’’ both electrons 共in the n layer兲 and holes 共in the p layer兲 laterally away and are what makes
enhanced diffusion possible. The magnitude of these fields is proportional to the ‘‘giant’’ derivative of ⌽ np with respect to the separated carrier density. Note
also that these effective fields can act on the entire carrier densities in the n and p regions, not merely the separated photogenerated carriers, further increasing
the effective diffusion.

lustrated in Fig. 1 共middle兲. As more carriers are injected,
separate, and screen the field, the built-in and/or reverse bias
voltage decreases in the vicinity of the absorbed light beam
pulse, and ⌽ np changes. The magnitude of this shift in the
quasi-Fermi levels is strongly dependent on the magnitude of
the photogenerated charge that has separated. This dependence is linear, at least for small voltage changes and/or large
reverse biases, because it results primarily from the reduction
in voltage from the vertical charge separation. An equivalent

statement is that the derivative of ⌽ np with respect to the
density of the separated charge density is large or ‘‘giant.’’
This shift is much larger than the typically logarithmic shift
of quasi-Fermi levels found in a bulk semiconductor which
results from the shift of quasi-Fermi levels solely due to the
statistical mechanics of the change in carrier density. It is this
fundamental difference—due to charge separation—that is
responsible for enhanced diffusion.
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Continuing with a microscopic perspective, if a pulse of
light with a lateral spatially varied profile, e.g., Gaussian, is
absorbed in the intrinsic region, and the photogenerated electrons and holes quickly separate vertically, ⌽ n and ⌽ p are
forced initially to have corresponding, though opposite, lateral Gaussian spatial dependence, and consequently so does
⌽ np . Figure 1 共bottom兲 illustrates this situation. A gradient
of a quasi-Fermi level defines an effective electric field along
that gradient 共e.g., a gradient in ⌽ n creates a field in the n
layer兲. The lateral spatial variation of the input pulse—when
combined with vertical charge separation—thus creates a lateral electric field in both the n and p layers. These fields help
the carriers in both doped regions to disperse laterally. The
relatively large magnitudes of these extra fields are what account for the enhanced diffusion effects of giant ambipolar
diffusion.
Arguably, this process is not a diffusion process in the
conventional sense. The motion of the carriers can be viewed
as a consequence of the electric fields, corresponding to normal resistive transport. Note, too, that all of the carriers in
the n and p regions move in response to the lateral fields, not
merely the additional photocarriers. The mathematical equation describing the resulting movement of the carrier density
of the voltage pulse does have the form of a diffusion equation. The diffusion constant of this equation, though, depends
on the conductivity of the layers and the gradient of ⌽ np
with respect to separated charges—the capacitance between
the doped layers. The appearance of capacitance in the equations further clarifies that we are dealing with a phenomenon
different from conventional diffusion, in which capacitance
would certainly not appear. In this view of the process, it is
known as diffusive conduction.8
From a macroscopic perspective, diffusive conduction is
essentially an extension of the voltage dynamics of a onedimensional dissipative transmission line. A voltage pulse in
a transmission line can travel at a speed much faster than that
of the individual electrons as is well known in conventional
inductive-capactive transmission lines 共e.g., a coaxial cable
carrying signals at speeds near the velocity of light兲. The
structures of interest here are dissipative transmission lines,
in which the series resistive impedance of the p and n layers
dominates over the inductive impedance leading to dissipative wave propagation, but it is still true that the dissipative
wave can move faster than the individual electrons and
holes. This is possible in part because the particles in the
medium exert strong forces on one another and because the
medium of particles extends throughout the length of the
line. A p-i-n structure can be viewed as a two-dimensional
共lateral兲 version of a dissipative line, as illustrated in Fig. 2.
The doped p and n regions each have a resistance per square
and there is also a capacitance per unit area between them
across the intrinsic region. When a spatially localized pulse
of light is absorbed 共e.g., a light beam with a small spot size
is absorbed in the center of a mesa structure兲, the photogenerated electrons and holes in the intrinsic region will separate, shielding the voltage. This results in a spatially localized voltage pulse. The behavior of the pulse in this
dissipative structure may be modeled by a diffusion equation. The result is voltage diffusion that dissipates the voltage
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build up across the entire device. As in a dissipative transmission line, this response is not limited by individual carrier
motion. Instead, this diffusion depends only on the capacitance per unit area, the spot size, and the resistance per
square and, consequently, may be very fast.
III. GENERAL MODELING APPROACHES

With an understanding of the qualitative behavior of enhanced diffusion, a compelling question becomes: can this
behavior be modeled from first principles? The general response of p-i-n diodes and related structures to photogenerated carriers can be determined from three relationships: 共1兲
the forces present, including those due to the photogenerated
carriers, 共2兲 the motion of all the carriers due to the forces
present, and 共3兲 overall charge neutrality 共an equal number of
electrons and holes are created by photogeneration兲. Combining these relationships along with the initial and boundary
conditions allows a self-consistent description of the carrier
dynamics to be found. Some of the issues involving this
process are discussed next.
The primary forces involved in semiconductor carrier
dynamics are the Coulomb attraction and/or repulsion due to
the electric fields of space charges. These can be well modeled by using, for example, Poisson’s equation.
Determining what should be the degree of accuracy of
the equations governing carrier motion is also an essential
task in order to solve for the system dynamics. One of the
most fundamental approaches that may be considered is the
use of the Boltzmann transport equation 共BTE兲 to express
charge motion via the evolution of a charge distribution function, f (p,r,t): 22

 f  f p  f r  f
⫹
⫹
⫽
t p t r t t

冏

,

共1兲

coll

where the last term is the change in f due to collisions and p
and r are the momentum and position vectors, respectively.
Only two assumptions need to be made: that carriers may be
treated semiclassically 共i.e., they have a well-defined position and momentum兲, and that there are a sufficient number
of carriers to meaningfully use a distribution function. These
are reasonable assumptions for many devices.23 Unfortunately, making practical use of this equation and solving for
the unknown distribution function is difficult.
The BTE may be simplified, however, into a variety of
more tractable expressions by making appropriate simplifying assumptions.24 One of the more dramatic simplifications
results in a drift–diffusion equation:
jn ⫽a  n nE⫹qD n ⵜn,

共2兲

which expresses the current density of electrons, n, 共or holes,
p兲 as a function of ensemble values 共mobility,  n , and diffusion coefficient, D n , each of which is dependent on the
distribution function, electric field, and temperature兲 combined with the electric field, E, and the gradient of the charge
density. q is the unit of charge. This equation is the basis for
describing carrier transport that will be used in this article.
In writing the drift–diffusion equation, several assumptions have been made: magnetic fields have been assumed
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negligible; current due to carrier temperature gradients 共the
thermoelectric effect兲 is small;25 finally, mobility and diffusion coefficients are not dependent on the detailed structure
of the device 共spatial variations are large compared to scattering lengths兲. These last two assumptions are valid if the
electric fields are small or, if large, uniform. The enhanced
diffusion transport discussed in this article only involves the
carrier transport of carriers in the lateral, doped planes. Thus,
even though the vertical dimensions of some layers may be
small, since the transport is not in that direction such variation is not critical. There are electric fields generated in the
lateral direction as will be described next that play an important role in these transport mechanisms. However, for spot
sizes with radii of a few microns or larger, the variation in
electric field occurs over a distance large compared to the
scattering length. As a consequence, the validity of the assumptions remains uncompromised.
In order to use the drift–diffusion equation, the mobility
and diffusion coefficient must also be known a priori.26 Using these ensemble quantities implicitly removes information
regarding the statistical variances of these quantities. This is
a safe simplification if device behavior is not sensitive to
such statistical fluctuations.27 These quantities are also determined by using an expected value for 共momentum兲 scattering rate. Hence, only dynamics that occur on a time scale
that is large compared to the inverse of this scattering rate
共typically on the order of a picosecond at room temperature兲
are well defined.24 It is worth noting that subsequent behavior based on these assumptions describes the behavior of the
ensemble of particles, not of individual particles themselves.
Having discussed how to describe carrier motion, next
we look more carefully at the assumption of charge neutrality. Overall charge neutrality arises because photogenerated
carriers are always produced in electron and hole pairs. In
bulk semiconductors, as previously mentioned, local charge
neutrality is also maintained in the absence of external fields
even if electrons and holes have different mobilities. The
Coulomb attraction between the carriers is significantly
stronger than other prevailing forces 共e.g., such as diffusion,
which could separate electrons and holes兲 and acts to keep
electrons and holes close together on the time scales of interest. Local charge neutrality is a key assumption of ambipolar diffusion and accounts for electrons and holes diffusing
together in spite of differing mobilities.5,28 In p-i-n’s and
n-i-p-i’s, however, there are built-in and/or applied fields
along the z direction that separate the charge species. Clearly,
local charge neutrality no longer applies since the electrons
and holes are separated, typically on the order of one micron
or less in many devices. However, the separation is small
enough 共i.e., the Coulomb attraction is still sufficiently large兲
that an effective local charge neutrality does continue to hold
in the lateral directions. 共Note that in studying enhanced
diffusion, we assume that no external fields are present in the
lateral directions.兲
Even with a simplified expression for carrier transport,
Eq. 共2兲, and the assumption of local charge neutrality in the
lateral directions, solving for the carrier dynamics is not
easy. Each of the two approaches described next make additional assumptions to make the math tractable and provide an
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FIG. 2. Schematic of a layered p-i-n structure showing distributed resistance
and capacitance with the p layer on top and the n region at the bottom. For
ease of viewing, resistance in the n layer has not been drawn. This type of
structure is the two-dimensional analog of a one-dimensional dissipative
transmission line.

analytic solution. Diffusive conduction drops the explicit diffusion term of the transport equation. Giant ambipolar diffusion, on the other hand, simplifies the carrier density description by assuming a Maxwell–Boltzmann 共MB兲 distribution
function in the doped regions.
IV. GIANT AMBIPOLAR DIFFUSION

Modeling the effects of charge separation using the
drift–diffusion equation is clearly presented in the paper of
Dohler and Gulden et al.15 In the following equations, subscripts n and p refer to electrons and holes, respectively; j is
current density,  is mobility, n and p are the carrier densities,  is the quasi-Fermi level, and r⫽(z,  , and  ). Note
that in this article,  represents in-plane radial distance, not
resistivity. A MB distribution is assumed and, therefore, the
Einstein relations relate diffusion and mobility through a
simple expression:

 n⫽

qD n
,
kT

 p⫽

qD p
,
kT

共3兲

where D n and D p are the MB electron and hole diffusion
constants. Consequently, current density may be expressed as
a function of the quasi-Fermi level gradient:
j n ⫽  n nⵜ  n 共 r兲
j p ⫽  p pⵜ  p 共 r兲 .

共4兲

If the electron and hole current densities could be expressed
in terms of gradients of n and p, respectively, we could write
the relationships as diffusion equations:
j n⫽

dn
⫽qD n ⵜn
dt

⫺ j p⫽

⫺d p
⫽qD p ⵜp
dt

共5兲

And if, as will be shown, these current densities were equal,
a single diffusion coefficient would describe the dynamics.
We next describe how such an equivalence arises and how to
express the current densities in terms of carrier gradients and
in the process derive an expression for the giant ambipolar
diffusion constant, Dgiant .
amb. diff.
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In this article, we are concerned only with lateral carrier
motion. Equation 共2兲 is a separable equation and so treating
the lateral components of the gradients alone, as in, e.g., Eq.
共4兲, is a valid approach. In the equations presented next,
ⵜ⬅  /  ⫹(1/ )  /   . Furthermore, in this derivation of giant ambipolar diffusion, it is assumed that the photogenerated electrons and holes have already separated in the vertical direction across the intrinsic region of the device. The
assumption of vertical photogenerated carrier separation is
not required and does not effect the calculation of the diffusion coefficient; it does, however, allow for a simplification
of some of the equations. Therefore, if n 0 and p 0 are the
concentrations of electron and hole ionized dopants,
n⫽n 0 ⫹⌬n

p⫽p 0 ⫹⌬ p,

共6兲

where n, p, n 0 , p 0 , ⌬n, and ⌬p are no longer per unit
volume but rather per unit area: n is the electron density
integrated across the thickness of the n region; p is the hole
density integrated across the p region. Similarly, ⌬n and ⌬ p
are the photogenerated carrier densities integrated across the
doped layers assuming they have vertically separated. Thus,
n, p, ⌬n, and ⌬p are functions of just the lateral dimensions
共, 兲.
It is assumed that at any given time, there is ‘‘local’’
charge neutrality at each lateral ‘‘point’’ in space. Consequently, there is no net lateral flow of charge. In other words,
because
⌬p⫽⌬n,

共7兲

which, when combined with Eq. 共6兲, leads directly to

we may write
j n ⫽⫺ j p ,

共9兲

in which j n and j p are the integrated lateral current densities
in the n and p layers.
The relationship between the quasi-Fermi levels and the
carrier densities are examined next. Changes in the number
of available states result in the logarithmic dependence of the
electron quasi-Fermi level on the MB distribution of the carrier density:29
stat.

 mech.
⬅E i ⫹kT ln
n

冉冊

n
,
ni

共10兲

where E i is the Fermi level in the intrinsic region, T is the
temperature, n i is the intrinsic carrier concentration, and
stat.
mech.

n
is the quasi-Fermi level due to this statistical
mechanics-based effect. Changes in the electron density
therefore result in logarithmic changes to the electron quasiFermi level. A similar relationship exists for changes in hole
stat.

共11a兲

we can write
stat.

⬀⌬p.
⌬  mech.
p

共11b兲

But because ⌬n⫽⌬p, the hole quasi-Fermi level may be
expressed as
stat.

⌬  mech.
⬀⌬n
p

共11c兲

With some foresight, we examine the difference between
the quasi-Fermi levels:

 np ⫽  n ⫺  p

共12兲

Changes in  np can thus be expressed either as a function of
changes in n or as a function of changes in p. It is also
critical to account for the effect that carrier separation has on
the quasi-Fermi levels. The quasi-Fermi levels separation is
directly proportional to the voltage across the intrinsic region
which itself is strongly determined by the electric field due to
carrier separation and thus depends 共linearly兲 on the changes
in separated photogenerated carrier density. Hence,
charge

separation⬀⌬n,
 np

共13兲
charge
separation

is the
where ⌬n is the separated carrier density and  np
quasi-Fermi level difference due to the resulting voltage
change. Combining both the electrostatic and statistical mechanic dependencies of the photogenerated carrier densities,
charge

共8兲

ⵜp⫽ⵜn,

stat.

 mech.
⬀ ln共 p 兲 ,
p

carrier density and  mech.
. Because the changes in electron
p
and hole carrier densities are equal 关Eq. 共7兲兴, the change in
both quasi-Fermi levels may be well described by referring
only to changes in electron or changes in hole density. For
example, the hole quasi-Fermi level can be expressed as a
function just of changes in electron density. Starting with

stat.

stat.

separation⫹ 共  mech.⫺  mech. 兲 .
 np ⫽  np
n
p

共14兲

All the terms on the right-hand side of Eq. 共14兲 are one-toone functions of the changes in either carrier density, e.g.,
⌬n, as shown by Eqs. 共10兲, 共11c兲, and 共13兲.
Because the relationship between carrier density and
quasi-Fermi level is monotonic 共one to one兲, it may be inverted. Thus, the changes or the gradient in carrier density
are a function of  np
ⵜn⫽

 n 共  兲   np
.
  np 

共15兲

It is assumed that  np has no z 共vertical兲 dependence; this is
equivalent to assuming well-defined, constant quasi-Fermi
levels across the n and p regions.
Combining Eq. 共15兲 with Eq. 共8兲, we find that
ⵜn⫽

n共  兲
共 ⵜ  ⫺ⵜ  兲 ⫽ⵜp.
  np  n  p

共16兲

Note the dependence on . Finally, by combining Eq. 共16兲
with Eqs. 共9兲 and 共4兲 and recalling that conductivity and
mobility are related by the expression  ⫽q  n, where q is
the unit charge and n is the charge density,30 the relationship
between the gradients of quasi-Fermi level and current density may be found:
ⵜ n ⫽

冉

1

n
1⫹
p

冊

  np
ⵜ n.
n 

共17兲
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For electrons ⵜ n ⬀ⵜn; a similar expression exists for
holes. Using Eq. 共9兲, Eq. 共6兲 may now be written as
⫺ j p ⫽qDⵜp⫽qDⵜn⫽ j n ,

共18兲

with D an as-of-yet undefined proportionality constant—the
diffusion coefficient. Therefore, by substituting Eq. 共17兲 into
Eq. 共18兲 the diffusion coefficient is found to be
D⫽Dgiant

amb. diff.

⫽

1  n  p   np
.
q 2  n⫹  p  n

共19兲

As can be seen, this diffusion coefficient is directly related to
the separation of the quasi-Fermi levels and how quickly this
energy difference changes with the carrier density of separated photogenerated carriers, as had been suggested by the
aforementioned qualitative description. Investigations of giant ambipolar diffusion have measured diffusion coefficients
on the order of 104 V/cm2 . 31
The assumption of MB statistics is usually appropriate in
silicon devices. In AlGaAs material systems, however, degenerate electron populations are reached at lower doping
levels. This is not correctly modeled when a MB distribution
is assumed. Degeneracy increases the diffusion coefficient
for ambipolar diffusion: in GaAs at room temperature, the
diffusion coefficient rises from about 40 to 130 cm2/s as the
electron density grows from 1018 to 5⫻1019 cm⫺3 while in
silicon it rises from approximately 20 to 60 cm2/s as the
carrier density grows from 1019 to 1021 cm⫺3 . 6 This effect is
likely due to a higher effective temperature in degenerate
systems, particularly of those carriers that contribute to diffusion at the edge of the Fermi sphere. This increase principally effects the diffusion term, not the drift term, of a drift–
diffusion equation. Since enhanced diffusion is principally
based on an effective induced drift,32 a similar proportional
increase with carrier density and degeneracy is not expected.
This suggests that there will be only a small underestimation
of the diffusion coefficient in degenerate systems due to the
assumption of a MB distribution in giant ambipolar diffusion. In fact, the size of this error should be similar in magnitude to that due to the assumption of a negligible diffusion
term in diffusive conduction.
V. DIFFUSIVE CONDUCTION

Equations governing the voltage behavior may be derived using a discrete element approach to the problem.
From the perspective of this article, the simplification in the
diffusive conduction approach 共i.e., qD n ⵜn⬇0兲 compared
to the standard drift–diffusion equation results in the following charge transport equation
j⫽q  nE,

共20兲

which is simply Ohm’s law. For a p-i-n-like structure, this
expression may be integrated to show
⫺

R sq
dV
⫽I
d
2 

共21兲

where R sq is the sum of the resistance per square of the n and
p layers. By using this particular derivative in the expression,
another assumption has been implicitly made: current does
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not flow in the vertical direction. This is a reasonable approximation in a reverse-biased diode. From Q⫽CV, the
relationship used to provide the dependence of the field on
carrier density is
I⫽

d
dt

冕

VC A 2  d  ,

共22兲

where C A is the capacitance per unit area. Note that the local
charge neutrality relationship is implicitly assumed by using
Q⫽CV.
Together, Eqs. 共21兲 and 共22兲 provide a complete description of the voltage dynamics:
dV
⫽Dⵜ 2 V.
dt

共23兲

The Laplacian is two-dimensional and the 共voltage兲 diffusion
p layer
n layer
⫹R sq
and
coefficient is D⫽1/R sqC A where R sq⫽R sq
C A is the capacitance per unit area. This effective diffusion
coefficient depends on parameters 共resistance and capacitance兲 that can be controlled by proper device design. For the
purpose of comparison, it is worth noting that Eq. 共23兲 may
be equivalently written as
dn
⫽Dⵜ 2 n,
dt

共24兲

simply by using V⫽Q/C. Equation 共23兲 describes the diffusion of voltage, not individual carrier motion. Similarly, Eq.
共24兲 does not describe the diffusion of a particular particle
but rather an effective diffusion for the system of particles.
The resistances per square of the doped layers may be
quite small 共10’s–100’s ⍀兲, with a capacitance per m2 on
the order of 0.1 fF for a 1 m thick intrinsic region. Hence,
the diffusion coefficient of diffusive conduction may be quite
large, on the order of 105 V/cm2 compared to a diffusion
coefficient of only ⬃100 V/cm2 in bulk material.33
If a pulse of light is incident on such a structure that is
reverse biased and it is absorbed in the intrinsic region, the
photogenerated carriers vertically separate,34 shielding the
bias. This creates a lateral voltage distribution across the
device face in the shape of the incident pulse. If this pulse is
Gaussian shaped 共as is typical兲, the analytical solution to the
differential diffusion equation is
V 共  ,t 兲 ⫽V M

冉 冊 冉

冊


⫺2
exp
,
t⫹ 
4D 共 t⫹  兲

共25兲

where V M ⬅Q TOT /C A  (w 0 /&) 2 and  ⬅w 20 /8D, Q TOT is
the total charge of photogenerated electrons, and  0 is the
1/e 2 spot size radius.8 In such cases, the voltage at the center
of the spot diffuses away with a predominantly hyperbolic
time dependence,  /(t⫹  ). For a properly designed device,
the decay coefficient, , may be on the order of picoseconds.
To reiterate, this fast diffusion is not the movement of a
single carrier from the center outwards. Rather, it is the ensemble of electrons and holes across the whole extent of the
p and n regions each moving a small amount—just the same
as when in a transmission line the voltage signal is able to
propagate much faster than an individual electron can. Such
voltage behavior has been verified.9,10
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VI. COMPARISON BETWEEN APPROACHES

What is the relationship between the diffusion coefficients of diffusive conduction, Eq. 共23兲, and giant ambipolar
diffusion, Eq. 共19兲? The answer is: they are nearly the same.
For these types of structures, the relationship between carrier
concentration and voltage is primarily linear35
共26兲

q⌬n⫽Q⫽CV.

Clearly, if voltage diffuses away at a given rate, the carrier
concentration at that location must change by a proportional
amount. In this sense, the similarity between the microscopic
and macroscopic approaches could be expected. This may be
shown more explicitly. Recalling that36
1
⫽R sql,


共27兲

where l is the thickness of the doped layers, we can write

 n p
1
1
⫽
⫽
n
p .
 n⫹  p
1
1
l 共 R sq⫹R sq
兲
⫹
n p

共28兲

Using37

n
n
⫽
 V   np

共29兲

and
C⫽

⌬Q q⌬n 共 Al兲
⫽
,
⌬V
⌬V

共30兲

the capacitance per unit area may be related to the quasiFermi level difference:

  np
 V q 2 共 Al兲 q 2 l
.
⫽q
⫽
⫽
n
n
C
CA

共31兲

Combining this key relationship with Eq. 共28兲 can then be
used to show that, indeed,
Dgiant

amb. diff.

⫽

1
1  n  p   np
1
⫽ n
p
q 2  n⫹  p  n
兲 CA
共 R sq⫹R sq
⫽Ddiffusive .
conduction

共32兲

Diffusive conduction is anchored around V⫽IR, focusing on the voltage dynamics of the system. If this is rewritten
as I⫽V/R, the perspective changes, emphasizing carrier dynamics. Giant ambipolar diffusion, on the other hand, starts
from the expression for current density, j n ⫽  n nⵜ  n (r).
When this relationship is now compared to I⫽V/R, the similarities become easy to see.
VII. USES, LIMITS, AND LIMITATIONS OF ENHANCED
DIFFUSION

The different approaches have different advantages aside
from whether one is more interested in carrier or voltage
dynamics. The diffusive conduction approach lends itself
well, for example, to modeling the coupled behavior in
multiple-layer devices, such as for a p-i-n-i-p or more general n-i-p-i structures.38 An interesting feature that diffusive

conduction brings to light is that enhanced diffusion may
occur before the photogenerated carriers finish vertically
separating. As the photogenerated carriers begin to separate,
they alter the voltage across the intrinsic region. This voltage
change immediately starts to diffuse away as the free carriers
in the doped regions respond to this localized voltage
change. In fact, in such a case the photogenerated carriers
themselves are not directly involved in any lateral diffusion
in the system! This effect may be used, for example, in heterostructures where the photogenerated carriers may find it
difficult to cross over the barriers at the interfaces between
the intrinsic and doped regions. Nevertheless, the change in
voltage their vertical motion engenders may quickly diffuse
away. This behavior is not clearly reflected in giant ambipolar diffusion due to the assumption, in the derivation presented here 关see Eq. 共19兲兴, of the photogenerated carriers
already being vertically separated and present in the doped
regions 共recall we ignored the vertical transport responsible
for that兲. If this assumption was not made, the diffusion coeffienct would not change, but the initial free carriers in the
doped regions would not drop out of the equations; it is those
free carriers that would then be responsible for the enhanced
diffusion.
Having identified the assumptions made in deriving diffusive conduction and giant ambipolar diffusion, we are now
in a position to consider the effects on diffusive conduction
when some of the assumptions made in using the drift–
diffusion equation fail. When large 共lateral兲 electric fields are
present, the current density ceases to be a linear function of
field 共e.g., mobility becomes field dependent兲; as the saturated drift velocity is reached carrier transport is no longer
well described by Ohm’s law. Diffusion, consequently, tends
not be as large as expected.24 This situation may arise when
a large number of photogenerated carriers are created within
a small spot size and separate, creating a large shielding
voltage.
If the lateral device dimensions are small 共e.g., on the
order of 0.1 m in GaAs兲, scattering events may not occur as
the carriers move from one side of the device to the other.
Instead, carrier transport begins to approach that ballistic
transport. Similarly, if the diffusive conduction coefficient is
very fast—with a time constant  less than 1 ps—so that it is
smaller than the expected scattering time, it becomes important to account for ballistic transport. Both of these effects
tend to limit the carrier motion.
For both large electric fields and fast diffusion times, a
magnetic field proportional to dE/dt is created. The result is
the slowing of the diffusion. In the diffusive conduction approach, this would be modeled by including the inductance
per unit area; giant ambipolar diffusion would add a q  ( 
⫻B) term to the drift–diffusion equation with careful attention now having to be paid to the different directions of
current flow. The ultimate limiting case is a device with negligible resistance per unit area 共e.g., conductor-like doped
regions兲. This situation is analogous to a two-dimensional
lossless transmission line; the voltage decay is limited by the
speed of light in the medium.
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VIII. CONCLUSION

In summary, we have provided a general approach to
understanding enhanced diffusion in biased semiconductor
devices. Giant ambipolar diffusion and diffusive conduction
both make use of the drift–diffusion equation but with different added assumptions. Giant ambipolar diffusion assumes a MB distribution.; diffusive conduction does not
specify a particular distribution but assumes the regular diffusion term is negligible. These assumptions and their limitations were examined in detail and the resulting diffusion
coefficients of the two approaches were shown to be nearly
equivalent.
ACKNOWLEDGMENT

The authors wish to acknowledge the many helpful discussions with Professor James S. Harris about charge transport phenomena.
W. van Roosbroeck, Phys. Rev. 91, 282 共1953兲.
J. P. McKelvey, Solid State and Semiconductor Physics 共Robert Kreiger
Publ. Co., Malabar, Florida 1966兲, Chap. 10.
3
J. F. Schetzina and J. P. KcKelvey, Phys. Rev. B 2, 1869 共1970兲.
4
R. M. Shah and J. F. Schetzina, Phys. Rev. B 5, 4014 共1972兲.
5
D. Ritter, E. Zeldov, and K. Weiser, Phys. Rev. B 38, 8296 共1988兲.
6
J. F. Young and H. M. van Driel, Phys. Rev. B 26, 2147 共1982兲.
7
H. Lin, K. H. Gulden, P. Hilbig, P. Kiesel, P. Riel, and G. H. Dohler, Surf.
Sci. 228, 500 共1990兲.
8
G. Livescu, D. A. B. Miller, T. Sizer, D. J. Burrows, J. Cunningham, A. C.
Gossard, and J. H. English, Appl. Phys. Lett. 54, 748 共1989兲.
9
C. M. Yang, E. Canoglu, E. Garmire, K. W. Goossen, J. E. Cunningham,
and W. Y. Jan, IEEE J. Quantum Electron. 33, 1498 共1997兲.
10
M. B. Yairi, C. W. Coldren, D. A. B. Miller, and J. S. Harris, Jr., Appl.
Phys. Lett. 75, 597 共1999兲.
11
P. J. Bradley, C. Rigo, and A. Stano, IEEE J. Quantum Electron. 32, 43
共1996兲.
12
M. Ershov, Appl. Phys. Lett. 72, 2865 共1998兲.
13
H. Schneider, E. C. Larkins, J. D. Ralston, J. Fleissner, G. Bender, and P.
Kiodl, Appl. Phys. Lett. 60, 2648 共1992兲.
14
Footnote 8 of Ref. 13 共giant ambipolar diffusion兲 mentions that a description in terms of capacitance provides a link to Ref. 8 共diffusive conduction兲. This relationship, however, is not elaborated upon any further. As
Eq. 共31兲 here shows, this is indeed a key connection between the two
approaches.
15
K. H. Gulden, H. Lin, P. Kiesel, P. Riel, G. H. Dohler, K. J. Ebeling, Phys.
Rev. Lett. 66, 373 共1991兲.
16
D. C. Hutchings, C. B. Park, and A. Miller, Appl. Phys. Lett. 59, 3009
共1991兲.
17
F. Capaasso, K. Mohammed, and A. Y. Cho, ‘‘Resonant Tunneling
Through Double Barriers, Perpendicular Quantum Transport Phenomena
in Superlattices, and Their Device Applications,’’ IEEE J. Quantum Electron. 22, 1853 共1986兲.
18
A. Fraenkel, E. Finkman, S. Maimon, and G. Bahir, J. Appl. Phys. 75,
3536 共1994兲.
19
M. Dentan and B. de Cremoux, J. Lightwave Technol. 8, 1137 共1990兲.
20
E. Rosencher, B. Vinter, F. Luc, L. Thibaudeau, and J. Nagle, IEEE J.
Quantum Electron. 30, 2875 共1994兲.
21
P. J. Poole, C. C. Phillips, M. Henini, and O. H. Hughes, Semicond. Sci.
Technol. 8, 1750 共1993兲.
22
W. A. Harrison, Solid State Theory 共Dover, New York, 1979兲.
1
2

M. B. Yairi and D. A. B. Miller

4381

23

For diodes with quantum wells in their intrinsic regions, the hot-generated
electrons and holes often cannot be treated semiclassically. However, once
the carriers have escaped from the quantum wells and moved to the p or n
regions, semiclassical treatment is appropriate for those carriers. For other
carriers already in those doped regions the semiclassical model holds
throughout. As previously mentioned, the dynamics discussed in this article do not treat vertical transport, legitimizing this assumption.
24
M. Lundstrom, Fundamentals of Carrier Transport 共Cambridge University Press, Cambridge, UK, 1990兲.
25
Even if the thermoelectric effect was not ignored, the magnitude of the
resulting diffusion is within an order of magnitude of the low-field regular
carrier diffusion values and often significantly smaller. 共See Ref. 24兲. As
will be shown, the enhanced diffusion coefficients are two to three orders
of magnitude larger, and thus ignoring the temperature gradient seems
reasonable. The actual diffusion coefficient will be slightly larger than
what is predicted.
26
The generalized Einstein relations provide the relationship 共See Ref. 6兲
eD0n F0 共  n 兲
n⫽
,
kBT F1/2 共  n 兲
where Fr is the Fermi–Dirac integral of order r,  n ⫽(  n ⫺E c )/k B T n is
the reduced chemical potential in which  n as the quasi-Fermi level, and
D 0n is the MB diffusion coefficient. Here, n denotes electrons. A similar
expression may be written for holes.
27
Even at low energies, tens of thousands to hundreds of millions of electrons and holes may be photogenerated in the intrinsic region. Therefore,
if the device response is not sensitive to individual electrons or holes,
ignoring statistical fluctuations is often reasonable.
28
C. Herring, Bell Syst. Tech. J. 28, 401 共1949兲.
29
R. F. Pierret, Semiconductor Device Fundamentals 共Addison–Wesley,
Reading, MA, 1996兲.
30
As the combination of Eqs. 共10兲, 共11c兲, and 共13兲 in Eq. 共14兲 suggests,
  np /  n is a well-defined quantity.
31
D. Streb, G. Klem, W. Fix, P. Kiesel, and G. H. Dohler, Appl. Phys. Lett.
71, 1501 共1997兲.
32
Recall, the gradient of the difference between the quasi-Fermi levels is
similar to an induced electric field and, therefore, behaves as a ‘‘drift’’
term in a drift–diffusion equation. The magnitude of this term is orders of
magnitude larger than regular diffusion coefficients. Behavior similar to
diffusive conduction, in which the regular diffusion terms are simply
dropped, is therefore not surprising.
33
The values for the diffusion coefficient of giant ambipolar diffusion and
diffusive conduction presented in this article are measured results from
test devices. Their values are different from each other simply due to the
differences in their material structure and doping compositions.
34
In principle, the lateral voltage distribution could also cause the carriers in
the intrinsic region to move horizontally. We neglect such movement on
the assumption that the spot radius,  0 , is much larger than the thickness
of the intrinsic region. Consequently, the lateral carrier gradient 共and
hence transport due to regular carrier diffusion兲 is small even when compared to the vertical carrier gradient.
35
This ignores the logarithmic dependence of the quasi-Fermi levels on
electron and hole density. This is a reasonable approximation as the magnitude of the linear effects in practical examples are larger by two or more
orders of magnitude.
36
Although the conductivity is related to the resistance, Eq. 共24兲 disregards
the distinction between the assumed MB distribution of giant ambipolar
diffusion and the unrestricted distribution of diffusive conduction.
37
The charge density–voltage relationship of Eq. 共29兲 implicitly describes a
functional relationship of a change in both the electron and hole density
that are vertically separated.
38
M. B. Yairi, H. V. Demir, and D. A. B. Miller, Optical and Quantum
Electronics 33, 1035 共2001兲.

Downloaded 24 Apr 2002 to 171.64.85.31. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp

