
Abstract. A brief review of the literature on the theory of
thermal and photoinduced noise in semiconductor pÿn junc-
tions is given. The coordinate and frequency dependences of
photoinduced noise in a p�ÿn junction with a locally irradiated
n-region are calculated. In contrast to vacuum tubes, where the
physical sources of current distribution noise are still unknown,
it is established that in p�ÿn junctions, this noise is produced by
fluctuations in the local hole recombination and diffusion rates
in the n-region. White high-frequency spectra of thermal and
photoinduced noise arise when the hole concentration increases
linearly outside the space charge region and occur because the
diffusion noise currents and the effective length for collecting
noise from the n-region compensate each other in terms of
frequency dependence.

1. Introduction

Inherent noise sets a limit on the measurement accuracy of
electronic and optoelectronic systems and on their sensitivity
to weak signals. Importantly, inherent noise in system
components (such as semiconductor diodes, transistors, or
photodetectors) contains information not only on the
perturbations they randomly (or stochastically) produce but
also on the way these perturbations relaxÐ i.e., on all the
electrophysical processes that are involved and which,
importantly, occur at small deviations from the thermodyna-

mically equilibrium or steady-state conditions. Therefore, it
clearly becomes necessary to understand the noise formation
mechanism and how component noise characteristics can be
calculated.

Although noise in semiconductor diodes and photodiodes
has been a subject of study for more than 50 years now,
Kurbatov argues in his recently published textbook [1] that
``shot noise in a semiconductor photodiode cannot be
considered a simple problem.'' Rogalski is even more
categorical in his review monograph [2]: ``the general theory
of noise in semiconductor photodiodes ... has not yet been
developed.''

The aim of this paper is to fill this gap, at least partially.

2. Literature review

Various approaches to assessing photoinduced and thermal
noise in semiconductor diodes are reviewed here.

2.1 Analogy to vacuum tube noise
Photo-induced noise belongs to the well-known class of
statistical physics problems that involve a fluctuating flux of
particles passing through a system with an independently
fluctuating transmission coefficient. A typical example of
such a system is a multielectrode vacuum tube with a
cathode, an anode, and a screening grid that captures part
of the electron flux emitted by the cathode. Such fluxes obey
Burgess's dispersion theorem [3 ± 5]

Dm 2 � �Xi �2 Dn 2 � n DX 2
i ; �1�

where n is the (fluctuating) number of particles per unit time
carried by the primary flux (for example, by the cathode
current in a vacuum tube) and m is the number of particles
carried at the same time by the output flux (for example, by
the reduced electron flux to the anode). The appearance of the
i th input particle changes the number of particles in the
reduced flux by Xi < 1, where different values of the Xi are
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statistically independent. Then

m �
Xn
i� 1

Xi and m � nXi ;

where, as usual, the bar denotes mean values; for example,
Dm 2 is the mean square of the deviation of the number of
particles in the output flux.

Using Burgess's theorem and the fact that the division of
the electron flux leaves an electron indivisible, it is possible to
calculate the so-called current distribution noise that arises in
an electronic vacuum tube due to the stochastic manner in
which the primary cathode current is reduced. We assume
that Xi � 1 if the electron reaches the anode and Xi � 0 if it
does not. Letting Z � Xi � X 2

i denote the probability that the
electron does reach the anode (with X 2

i , like Xi, being either 1
or 0), we obtain

m � nZ and DX 2
i � �Xi ÿ Xi�2 � X 2

i ÿ �Xi �2 � Zÿ Z 2

and Eqn (1) becomes

Dm 2 � Z 2 Dn 2 � n�Zÿ Z 2� : �2�

From Eqn (2), we determine noise current spectral
densities at angular frequencies lower than the inverse
correlation time between the primary and the output particle
fluxes (or the inverse flight time of an electron from the
cathode to the anode). For example, the spectral density of
the anode current noise SIa�o� is given by [3, 4]

SIa�o� � Sw; Ia�o� � Ss; Ia�o� � Z 2SIc�o� � 2e�Ic�Zÿ Z 2� ;
�3�

where e is the electron charge, Ia � em is the anode current,
Ic � en is the cathode current, and SIc�o� is the spectral
density of the cathode current noise. The first term in
Eqn (3), Sw; Ia�o�, is the contribution made by fluctuations
in the primary current Ic to the spectral density of the anode
current noise (or the reduced primary current noise), and the
second term, Ss; Ia�o�, is the current distribution noise (or the
inherent tube noise induced by the primary current).

In particular, if the primary cathode current has shot noise
�SIc�o� � 2eIc �, then

SIa�o� � Z 22eIc � 2eIc�Zÿ Z 2� � 2eIcZ � 2eIa ; �4�

and the anode current also contains shot noise: the Poisson
distribution of a stochastic current of indivisible particles
remains Poisson in passing through a system with indepen-
dently fluctuating transmission.

The generalized relations above fully apply to semicon-
ductor photodiodes if there are no RC restrictions on their
frequency characteristicsÐ the assumption that also extends
to all other approaches to be described below. For a
photodiode, n is the photon flux incident on a photosensitive
area, Z is the quantum efficiency (or collection efficiency) of
the photodiode, Ia is the photocurrent in the outside current,
and �1=e 2�SIc�o� and SIa�o� are the respective spectral
densities of the photon flux and photocurrent noise.

In calculating photoinduced photodiode noiseÐ in the
case where the diode is exposed to blackbody radiation, for
exampleÐ it is necessary to introduce the degeneracy coeffi-
cient of a photonic gas, kd, characteristic of particles obeying

the Bose ±Einstein statistics [1]:

Dn 2 � nkd � n
1

1ÿ exp �ÿhn=kT � ;

where n is the mean density of the flux of photons of energy
hn.

For hn4 kT, kd � 1 and Dn 2 assumes the form classically
known from the Poisson statistics; namely, the mean-square
deviation from the mean is equal to the square root of the
mean. The inequality hn4 kT is valid in the short-wave
region and close to the maximum of Planck's radiation
curve. In the long-wavelength part of Planck's curve, black-
body photons group together and kd increases. The spectral
density SIc�o� of radiation noise in Eqn (3) then increases by a
factor of kd, and the output noise has the spectrum

SIa�o� � 2eIa
�
1� �kd ÿ 1�Z� �5�

at low frequencies.
Based on the theoretical considerations mentioned above,

the equivalent noise circuit of a vacuum tube has the current
distribution noise generator connected between the anode
and the screen grid, the physical source of the noise remaining
unidentified.

Unfortunately, the generalized approach (or the vacuum
tube analogy) fails to provide the value of Z and, most
importantly, to determine photoinduced and thermal noise
in semiconductor diodes at angular frequencies higher than
the inverse flight time of the photocarriers.

2.2 Analogy to the diffusion
of generated ideal gas particles
In calculating the spectrum of the flux of particles of a
classical ideal gas as they diffuse to a screen to be absorbed
by it, Rabinovich [6] took fluctuations in the particle
generation rate into account and used the Fokker ± Planck
equation to describe the random walk of current carriers. He
then extended his results to an idealized semiconductor
photodiode by assuming that the carriers photogenerated in
the neutral region of the pÿn junction do not subsequently
recombine either in the bulk or at the surface [7]. It was shown
that if only fluctuations in the carrier generation rate and
those in the speed of the particle diffusion to the space charge
region are considered, then, at the frequencies at which the
photocurrent weakly decreases with increasing the radiation
modulation frequency, the expression for the spectral density
of photoinduced noise becomes identical to Eqns (3) and (5)
with Z � 1. At higher frequencies, however, where the
photocurrent all but ceases and relations (3) ± (5) are no
longer valid, the spectral noise density is determined by a
relation similar to Eqn (4), also with Z � 1, and is again
independent of the frequency. The frequency dependence of
photoinduced noise in a diode exposed to a nonmodulated
radiation flux with kd > 1 has two plateaus, a fact which
Rabinovich and M A Trishenkov [8] suggest can be used to
assess the inertial properties of semiconductor photodiodes.

For kd � 1, in accordance withRef. [7], a photodiode with
no loss to recombination turns out to have a white spectrum
at low and high frequencies (similar to what had been
calculated in Refs [9 ± 11] for thermal noise in a reverse-
biased pÿn junction)Ðwhich was consistent with the
experimental data available at the time [5, 12].

The boundary between the low- and high-frequency
spectral regions is taken throughout this paper to be the
angular frequency equal to the inverse value of the photo-
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current (or dark current) attenuation time; it depends on the
parameters of the structure and irradiation conditions.

Unfortunately, the theory Rabinovich developed (which,
to repeat, exploits the analogy to the diffusion of generated
ideal gas particles and predicts two plateaus in the frequency
characteristic of photoinduced noise in an idealized pÿn
junction for kd > 1) did not allow calculating photoinduced
noise in real photodiodes, with the bulk and surface
recombination not negligible.

It also remained unexplained
� whether the absence of the bulk and surface carrier

recombination is necessary for photoinduced noise to have a
white spectrum at high frequencies, and
� how fluctuations in the generation and diffusion of

current carriers relate to current distribution noise in a
semiconductor photodiode.

2.3 Analogy to an RC-distributed transmission line
Inherent thermal noise in a semiconductor diode was first
calculated by van der Ziel [9 ± 11] using the diffusion ±
recombination model that W Shockley [13] had shortly
before proposed to explain the IÿV characteristics of pÿn
junctions.

The Shockley modelÐwith minority carrier diffusion in
neutral p- and n-regions of a pÿn junction, which is
accompanied by the linear recombination of minority
carriers in the case of a forward junction current, or results
from thermal carrier generation during reverse currentsÐ is a
universal model. It is valid for any semiconductor and
determines both the minimum achievable level of reverse
currents in `thin' pÿn junctions (thin meaning that the space
charge region is thinner than the carrier diffusion length) and
the minimum values of over-barrier injection currents in
transistor structures or semiconductor emitters.

Noise calculations in Refs [9 ± 11] used the Langevin
equation [3, 4, 11], obtained from the differential equation
for the diffusion ± recombination model of a pÿn junction by
first linearizing it with respect to small deviations from the
steady state and then introducing random perturbing factors
to represent fluctuations. Besides being easy to understand
and applicable to any frequency range, this approach is also
advantageous in allowing the use of the mathematical
technique developed to analyze the relaxation of a pÿn
junction following dynamic influences. We also note that the
Langevin equation is amenable to the Fourier method, which
allows determining the spectral density of the response of a
pÿn junction to random perturbations.

To simplify the analysis of the diffusion ± recombination
mechanism of noise perturbation relaxation, van der Ziel
used theRC-distributed electric signal transmission line as the
equivalent circuit, noting [11] that the equivalent RC-circuit
with distributed parameters had already been used by
othersÐ specifically, by Petrits and NorthÐ in the analysis
of pÿn junctions.

The inherent noise in a distributed parameter circuit is
caused by thermal noise in the circuit active elements. The
pÿn junction analogues of such sources are noise generators
in local, thermodynamically equilibrium generation and
recombination fluxes of minority carriers, as well as local
fluctuations in their thermodynamically equilibrium diffu-
sion fluxes in the neutral regions of the pÿn junction. It is a
remarkable achievement on the part of van der ZielÐand
one that led to new physical resultsÐ that relations for
generation ± recombination and diffusion noise were

extended to steady-state conditions, where applying an
external voltage across a pÿn junction changes the minority
concentration relative to the thermodynamic equilibrium.

It is well known that generation, recombination, and
diffusive scattering events involving electron ± hole pairs do
not, in themselves, cause changes in the charge of semicon-
ductor regions and do not produce a current in the external
circuit of the pÿn junction. There are, however, perturba-
tions in the minority carrier distribution due to the random
nature of their generation, recombination, and diffusion, and
these do reach the space charge region as they propagate in
the diffusion ± recombination flux of minority carriers. The
subsequent flight of the carriers through the space charge
region produces current pulses in the diode external circuit,
while at the same time broadening them (an effect that can be
neglected if the noise analysis is restricted to angular
frequencies lower than the inverse flight time of carriers
through the space charge region).

Now classic, the van der Ziel relations explain many
observed features of the noise characteristics of pÿn junc-
tions and place a fundamental limit on how much their
inherent noise can be reduced.

The work of van der Ziel [9 ± 11] evoked sharp criticism,
however, to the point that his `correct results' were declared to
have been `obtained by accident' (see, e.g., Ref. [14]). The
main point of objection was the way van der Ziel represented
fluctuations that occur in diffusion ± recombination fluxes
and produce current noise in the external circuit. He
represented these fluctuations as noise in two independent
currents that traverse the space charge region. One of these is
the algebraic sum of the external current and the saturation
current (although taken to flow in the forward direction), the
other is the junction saturation current. The present-day view
[13, 15], however, is that there are two nearly equal and
opposite electron diffusion fluxes and two similar hole fluxes
flowing through the space charge region, which ensure
thermodynamic equilibrium between electron and hole
concentrations in the neutral p- and n-regions at their
boundaries with the space charge region, and which are
several orders of magnitude greater than the external current
(at least if the forward and reverse biases are small). It
remained unclear why relatively small diffusion ± recombina-
tion currents produce noise in the external circuit, whereas
large diffusion currents flowing through the same space
charge region, and also exhibiting shot noise, do not.

It was not until 1974 that Buckingham and Faulkner [16]
(followed later by Robinson [17]) showed that as minority
carriers move via diffusion ± recombination processes in the
neutral regions, `bottlenecking' the throughout fluxes of
electrons and holes there, fluctuations in the diffusion fluxes
through the space charge region cause charges to buildup on
the boundaries of this region, which changes the voltage
across it (usually by less than kT=e). This change, in turn,
modulates the diffusion fluxes of holes and electrons from the
respective p- and n-regions in such a way as to compensate the
original fluctuations. In the equivalent noise circuit of a pÿn
junction, the compensation of diffusion fluxes is represented
by diffusion conductances for electrons and holes (in Fig. 1,
for a p�ÿn junction in which the electron components of the
currents and noise are negligible, only the diffusion conduc-
tance for holes, Gdif, is shown). The diffusion conductance
shunts diffusion current fluctuations from the in-series
connected external short circuit and the diffusion ± recombi-
nation conductance Gdr of the n-region (the ratio Gdif=Gdr at
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low frequencies is approximately equal to the ratio of the hole
diffusion length to the hole mean free path, which is several
orders of magnitude).

Importantly, when external currents flow through a pÿn
junction, voltage drops across the conductance are small
enough to be left out of account in the Shockley model when
calculating the IÿV characteristics (which corresponds to the
assumption of constant Fermi quasilevels for electrons and
holes in the space charge region).

It is only when the equivalent noise circuit of the diode is
modified by adding the diffusion conductance Gdif to shunt
the space charge region of the p�ÿn junction that both
relaxation paths that return the hole distribution to the
steady state (via Gdif for diffusion ± recombination perturba-
tions in the neutral n-region and via the same Gdif and
bypassing the external circuit for diffusion perturbations in
the space charge region) become closed, and the p�ÿn
junction model is physically complete. An important finding
that emerged in this work was that the noise in the diffusion
electron and hole fluxes through the space charge region can
be considered to have no effect up to very high frequencies in
calculating noise currents in the external short circuit of the
p�ÿn junction.

Also, the work virtually invalidated claims that the
equivalent circuit for the diffusion ± recombination mechan-
ism of perturbation relaxation in the neutral regions of the
pÿn junction cannot be used in what is apparently the
easiest-to-understand form of the RC-distributed transmis-
sion line.

Thus, in calculating noise in an external short circuit of a
p�ÿn junction with no generation and no recombination in
the space charge region, the diffusion conductanceGdif should
be short-circuited, and the noise in diffusion fluxes j 2dif
shown in Fig. 1 can be left out of consideration (as can the
barrier capacitance Cb of the p�ÿn junction and the
generator of noise j 2b that arises due to the generation or
recombination of current carriers in the space charge region).
All of them are nevertheless shown in Fig. 1 to provide the
correct picture of relations between the elements in the full
equivalent noise scheme of a p�ÿn junction and to fix the
approximations that have been made.

There are, however, some aspects of thermal noise in pÿn
junctions that need further discussion, including:

� how does the white spectrum of the reverse saturation
current result from the frequency-dependent diffusion ±
recombination transfer of minority carriers in the neutral
regions of pÿn junctions? (Especially noting that at high
frequencies, the inherent thermal noise of the equivalent RC
transmission line increases with the frequency [11]);
� why do local currents generated or recombining in a

pÿn junction at different distances from the space charge
region contribute equally to shot noise?
� how does the analogy to the RC line produce pÿn

junction saturation current that the line does not contain?
On the other hand, it is becoming evident that the

diffusion ± recombination model by Shockley and its analo-
gous distributed-parameter line model used by van der Ziel
are most adequate for describing the physical processes in a
pÿn junction without current carriers being generated and
recombining in the space charge region, and should therefore
be preferred in calculating photoinduced noise in pÿn
junctions.

For example, the diffusion ± recombination model was
used in [18] to calculate the spectral noise density of an
irradiated reverse-biased diode, a situation in which both the
dark current and photocurrents are collected only from the
`long' p region (`long' meaning relative to the electron
diffusion length there), kd � 1, and the photogeneration rate
decreases exponentially away from the space charge.

A further point to note is that in a semiconductor diode (in
contrast to an electronic vacuum tube), the minority carrier
generation ± recombination flows transform into the external
circuit current either over an extended portion of the neutral
region (at distances of the order of the minority carrier
diffusion length from its boundary with the space charge
region) or throughout the entire neutral region thickness (if it
is less than the diffusion length). In these cases, the possibility
exists in principle of controlling noise formation conditions in
the desiredmannerÐ for example, by probe irradiation of the
neutral region at various distances from its boundary with the
space charge region.

In what follows, we therefore consider the noise model of
a p�ÿn junction without space-charge-region generation and
recombination processes in detail and, using the RC-distrib-
uted analogue, calculate and analyze photoinduced noise and
thermal noise in such a p�ÿn junction. Based on the
comparative analysis of photoinduced noise and thermal
noise (the former including the local illumination arrange-
ment), the questions listed above are answered, and addi-
tional information on noise due to the diffusion ± recombina-
tion transport of minority carriers in the neutral region of a
pÿn junction is obtained.1

3. Problem formulation

We follow van der Ziel's treatment [11] and consider a planar
p�ÿn junction (Fig. 2) conveniently taken to have a unit area.
We take the x axis to be perpendicular to the p�ÿn junction

Space
charge
region n-regionp�-region

V

j 2

Gdif

_Gdr

j 2dif

j 2b

Cb

+ ÿ

Figure 1. Equivalent noise scheme of a p�ÿn junction in which the

electron components of currents and noise are neglected.

1 The problem of how noise arises in pÿn junctions caught the author's

attentionwhen hewas preparing an undergraduate textbook on solid-state

photoelectronics. Given more than half a century of research in pÿn
junction noise, some of the results obtained in this paper may have already

been obtained and published. The author, however, has found none of

them, either in the original literature or monographs or in college or

university texts.
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plane and directed to the n-region, and choose its origin to be
at the boundary between the neutral n-region and the space
charge region.

We neglect such things as the generation and recombina-
tion of current carriers in the space charge region, surface
leakage and generation ± recombination processes on the side
faces of the crystal perpendicular to the junction, and the
electronic component of the current through the space charge
region. There are no difficulties in extending our results to
pÿn junctions in which electronic currents and noise are not
small [11, 13].

We assume that the n-region of the diode is homogeneous
and that the distance wl between the Ohmic contact to it and
the space charge region greatly exceed the hole diffusion
length Lp, allowing the hole component of the current
through the contact to be neglected. This is the so-called
long diode case; the opposite extreme, a short diode, with
length ws 5Lp and a small contact area, is considered in
Section 6.

We further restrict ourselves to the case in which hole
injection into the n-region of a forward-biased or irradiated
p�ÿn junction is small. Then the hole recombination in the n-
region is linear and is characterized by the hole lifetime
tp � L2

p=Dp (Dp is the hole diffusion coefficient), and the
conduction in the n-region can be considered unmodulated.
We also neglect the voltage drop across the n-region and
across the Ohmic contact to it when an external current runs
through the p�ÿn junction.

Next, because the series resistance of the n-region is
assumed to be small and the external circuit of the diode to
be short-circuited (the internal resistance of the source of the
constant diode voltage V is also negligible), the RC limita-
tions on the frequency characteristics of the p�ÿn junction
can be ignored in further analyses.

In calculating photoinduced currents in a p�ÿn junction,
a radiation harmonically modulated at an angular frequency
o5 0 is assumed to be projected on the n-region of the short-
circuited diode under external voltageV, which is shaped into
a narrow strip (of width DL5L) parallel to the p�ÿn
junction plane and located at a distance L4Lp from the
space charge region boundary, and which generates elec-
tron ± hole pairs in the n-region, uniformly over the section
of the p�ÿn junction and at rate g cmÿ3 sÿ1. There is no
difficulty in estimating the pair generation rate in the case
where radiation losses due to reflection from the semiconduc-

tor surface or the photodiode entrance window are impor-
tant.

The spectrum of photoinduced noise in a p�ÿn junction is
calculated by keeping the voltage constant and by assuming
local radiation to be unmodulated.

Clearly, whatever the irradiation distribution pattern
along the x axis, its effect on the diode can be represented as
a linear superposition of solutions obtained under the
conditions described above. It should only be remembered
that in the problem under consideration, no radiation comes
either into the space charge region of the p�ÿn junction or
the p� region.

Because the nonequilibrium holes in the n-region are
charge-neutralized by the electrons pulled out of the contact
(it takes a time comparable to the semiconductor's dielectric
relaxation timeÐof the order of 10ÿ12 sÐ for the regions
involved to restore electric neutrality), and because there are
no electric fields in the neutral n-region, the only possible
transportmechanism for holes is their thermal diffusion in the
presence of a concentration gradient.

Given the assumptions above, the motion of minority
carriers in the n-region is one-dimensional and the diffusion
current density is given by

jp�x; t� � ÿeDp
qDp�x; t�

qx
; �6�

where Dp�x; t� is the excess electron concentration relative to
the equilibrium concentration pn in an n-type material.

The electron current gradient under linear recombination
conditions is determined by the non-steady-state continuity
condition [15]

q jp�x; t�
qx

� ÿe Dp�x; t�
tp

ÿ e
qDp�x; t�

qt
: �7�

Under the conditions outlined above, it has been shown
[13, 15] that jp�x � 0; t� is equal to the external circuit current
of the p�ÿn junction.

The thermal concentration of the excess holes in the
n-region at the boundary with the space charge region follows
changes in the voltage V�t�,

Dp�x � 0; t� � pn

�
exp

�
eV�t�
kT

�
ÿ 1

�
: �8�

As proved in Ref. [15], for relation (8) to hold, it suffices that
the recombination and generation of current carriers be
negligible in the space charge region.

The second boundary condition for the concentration of
nonequilibrium holes in a nonirradiated n-region of a long
diode has the form

Dp�x � wl; t� � 0 :

For a `short' diode, the boundary condition at the
contact-free surface of the n-region (the typical thin-base
diode topology) is written as

jp�x � ws; t� � sDp�x � ws; t� ;

where s is the surface recombination rate.
At an arbitrary section x, the thermal generation and

recombination of the minority carriers occur locally at the

Space
charge region

n-regionp�-region

0 L w xL� DL

Radiation

+ ÿ

Figure 2. Structure and irradiation scheme of a p�ÿn junction.
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combined rate

2pn � Dp�x; t�
tp

;

where pn=tp is the equilibrium recombination rate of the
holes, equal to their thermal generation rate. Then the shot
noise of the Poisson processes of hole generation and
recombination over the length Dx in the frequency range D f
is given by

j 2�x� � 2e 2
2pn � Dp�x�

tp
DxD f : �9�

The total hole concentration in the x section is
pn � Dp�x; t�, and its fluctuations due to diffusion can be
written as

Dp 2�x� � 4
pn � Dp�x�

Dp
DxD f : �10�

We note that the generation ± recombination and diffusion
generators on the length Dx can be considered independent of
each other as long as Dx exceeds the hole mean free path. The
proof of relation (10) is given in Section 4.

In what follows, the thermal and photoinduced noise in a
short-circuited p�ÿn junction are calculated, as in Ref. [11],
by representing the junction as anRC-distributed electric line.

4. RC-distributed line

Differential equations (6) and (7) describing the diffusion and
recombination of holes are analogous (apart from the
dimensionality) to the equations for the time-varying vol-
tages u�x; t� and currents i�x; t� along an electric line with
distributed parameters (Fig. 3), containing a series resistance
R, a shunt conductance B, and a shunt capacitor C (all three,
per unit length of the line):

i�x; t� � ÿ 1

R

qu�x; t�
qx

; �11�

qi�x; t�
qx

� ÿBu�x; t� ÿ C
qu�x; t�

qt
: �12�

The general solution of system (11), (12) for a harmonic
perturbation of frequency o has the form

_u�x� � _C1 exp

�
x

_LL

�
� _C2 exp

�
ÿ x

_LL

�
; �13�

i�x� � ÿ 1

R

q _u�x; t�
qx

� ÿ 1

R _LL

�
_C1 exp

�
x

_LL

�
ÿ _C2 exp

�
ÿ x

_LL

��
� ÿ _Y

�
_C1 exp

�
x

_LL

�
ÿ _C2 exp

�
ÿ x

_LL

��
; �14�

where the complex quantity

_LL � 1�������
RB
p �����������������������

1� ioC=B
p � LL�����������������������

1� ioC=B
p

of the dimension of length characterizes the effective
propagation length of a perturbation of the frequency o in
the line and has a low-frequency component LL (Fig. 4). The
characteristic, or total, conductance of a distributed RC line,
_Y (of dimension Oÿ1), is given by

_Y � 1

R _LL

�
�����
B

R

r �������������������
1� io

C

B

r
� Y

�������������������
1� io

C

B

r

� Y

������������������������������������������������
1� o2�C=B�2�1=2

2
� 1

2

s24
�i

������������������������������������������������
1� o2�C=B�2�1=2

2
ÿ 1

2

s 35
� Y�a� ib� � Ya � iYr ; �15�

where Y, Ya, and Yr are the respective low-frequency, active,
and reactive components of _Y, and b2 � a 2 ÿ 1.

If the line length w is much larger than j _LLj, then _C1 � 0
and the input conductance of the line is

i�x � 0�
u�x � 0� �

_Y :

i 2N

e 2N

Dx

BDx

CDx

RDx i�x� Dx; t�

u�x� Dx; t�

i�x; t�

u�x; t�

Figure 3. Element of an RC-distributed transmission line.

���� _Lp

�
o >

1

tp

������ ����
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�����
������
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����� _LL

�
o >
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������ ���� 1������������
ioRC
p

���� � 1�����������
oRC
p

��
LL � 1�������
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p

�Lp �
�����������
Dptp

p

ws
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L

lno

ln j _Lp�o�j
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ln j _LL�o�j

	

o � 1

2ttr�ws� �
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s

o � 1

2ttr�L� �
Dp

L2o � 1

tp
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�

Figure 4. Absolute effective diffusion length of holes in an n-type

semiconductor,�� _Lp�o�
�� � �������������������

Dptp
1� iotp

s�����
����� �

�����������
Dptp

p�������������������
1� o2t 2p

4

q � Lp����������������
2a 2 ÿ 1
p ;

as a function of the frequency in the log ± log scale. The braces contain the

corresponding quantities for an RC-distributed transmission line. L is the

distance from the n-region/space charge region boundary to the narrow

�DL5L� radiation strip,wl �ws� is the n-region thickness of a p�ÿn diode
with a long (short) n-region; and ttr is the duration of photohole diffusion

flight over a distance L.
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The inherent noise in a distributed parameter line is due to
thermal noise in its active elements (see Fig. 3) and is given in
the frequency band D f by

e 2N � 4kTRDxD f � Se D f ; �16�
i 2N � 4kTBDxD f � SD f ; �17�

where Se and S are the respective spectral noise densities of
the voltage and current. These noise sources correlate neither
with one another nor with similar sources in other line
elements. We recall that the Nyquist formula was derived
under the condition that electrons and holes have a fixed
charge e and that the diffusive scattering events of current
carriers are independent of one another.

We use the circuit shown in Fig. 5 to calculate the
contribution of the source mentioned above to the noise
current density i 2 of the short-circuited input of a distributed
parameter line. The linear property of the transmission line is
then used to independently calculate the input currents from
all signal or noise sources.

From system (13), (14), the output impedance of segment
I of a short input line

�
u1�x � 0� � 0

�
is given by

_Zout; 1�x � L� � ÿR _LL
exp �L= _LL� ÿ exp �ÿL= _LL�
exp �L= _LL� � exp �ÿL= _LL�

� ÿR _LL tanh

�
L

_LL

�
: �18�

For a line with w=j _LLj4 1, the total input resistance of
segment Rl for any value of the load resistance is

_Zin; 2�x � L� � 1

_Y
:

It is now a simple matter to calculate the input current of the
line due to the generator ig at a distance L from the input. We
obtain

i � ÿig exp
�
ÿ L

_LL

�
: �19�

The coordinate dependence of the voltage across segment I
(for 04 x < L) is given by

_u1�x;L� � ig
R _LL

2
exp

�
ÿ L

_LL

�
�
�
exp

�
x

_LL

�
ÿ exp

�
ÿ x

_LL

��
; �20�

and that across segment II (for L4 x4w) by

_u2�x;L� � ig
R _LL

2

�
exp

�
L

_LL

�
ÿ exp

�
ÿ L

_LL

��
exp

�
ÿ x

_LL

�
:

�21�

Accordingly, the current produced by the generator eg in
the short-circuited input of the line is

i � eg _Y exp

�
ÿ L

_LL

�
; �22�

and the transmission coefficients to the input of a long line of
similarly arranged noise sources are found to be

i 2 � i 2N

���� exp�ÿ 2L

_LL

����� � i 2N

���� exp�ÿ 2L

LL

�������������������
1� io

C

B

r �����
� i 2N

���� exp �ÿ 2L

LL
�a� ib�

�����
� i 2N exp

�
ÿ 2aL

LL

����� exp�ÿ i2bL

LL

����� � i 2N exp

�
ÿ 2aL

LL

�
;

�23�
i 2 � e 2N

���� _Y 2 exp

�
ÿ 2L

_LL

����� � e 2NY
2�2a 2 ÿ 1� exp

�
ÿ 2aL

LL

�
;

�24�

where 2a 2 ÿ 1 �
�����������������������������
1� o2�C=B�2

q
and Y 2 � B=R.

The coefficient of transformation to the external short
circuit current, e 2N, includes the factor j _Y j2, in addition to the
factor exp �ÿ2aL=LL� (also present is the transformation
coefficient i 2N), which accounts for the coordinate and
frequency dependences of the contribution of local noise
currents and which determines the effective region for
collecting noise to the external circuit, LL=2a. This addi-
tional factor clearly serves the purpose of recalculating e 2N to
noise currents.

The spectral density of the inherent noise current in the
short-circuited input of a long distributed-parameter line,
given by

S�o� �
� w

0

"
S

���� exp�ÿ x

_LL

�����2 � Se

���� _Y exp

�
ÿ x

_LL

�����2
#
dx

� 4kT

�1
0

�
B� RY 2�2a 2 ÿ 1�� exp�ÿ 2ax

LL

�
dx

� 4kTa

�����
B

R

r
� 4kTaY � 4kTYa ; �25�

at all frequencies correlates with the active component of the
line's input conductance, which increases with frequency for
a > 1.

Analysis of Eqn (25) shows that at lower frequencies
�a � 1�, the thermal noise contributions from R and B
[Eqns (16) and (17)] to the transmission line's input noise
current relate as Y 2�2a 2 ÿ 1� : 1 � Y 2 : 1. However, at
frequencies o4B=C, where a � ����������������������oC=B�=2p

and the active
part of the transverse conductance B becomes negligible
compared with the reactive conductance oC, the quantity
j _Y j2 � Y 2�2a 2 ÿ 1� � oC=R ceases to depend on B and
increases linearly with the frequency, whereas noise in the
external circuit is determined by voltage fluctuations alone.
But because the effective length for collecting noise decreases

x

Rl

LL0

i ig

eg

w

wÿ LL

I II

Figure 5. The calculation of the signal and noise contribution to the input

current of a distributed parameter line from sources at a distance L from

the line's short-circuited input.
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with the frequency as LL=2a, the spectral noise density at the
line input, which is due to voltage fluctuations, increases with
the frequency in proportion to a, or

����
o
p

, but not to a 2.
Comparison of relations (6) and (7) with system (11), (12)

shows that u�x; t� in the latter pair corresponds to Dp�x; t� in
the former. Similarly, i�x; t� corresponds to jp�x; t�, R to
1=eDp, B to e=tp, and C to e. There is also a correspondence
between _LL for a transmission line and the complex diffusion
length of holes in the n-region:

_Lp �
������������������
Dptp

1� iotp

s
� Lp������������������

1� iotp
p � �����������

Dp _tp
p

;

where for a harmonic perturbation of frequency o, _tp �
tp=�1� iotp� and Lp �

�����������
Dptp

p
is the low-frequency value

of _Lp (see Fig. 4). Also, it is readily seen that _Y corresponds to
the ratio

eDp

_Lp

� eDp

������������������
1� iotp

p
Lp

� eLp

������������������
1� iotp

p
tp

in the p�ÿn junction. The condition of a long line, w4 j _LLj,
in the case of a p�ÿn junction transforms into the similar
condition mentioned above, that the n-region length be much
larger than j _Lpj.

The noise current generator j 2 in a p�ÿn junction
[Eqn (9)] represents the shot noise due to local hole
generation and recombination currents over the length Dx in
the frequency band D f. In thermodynamic equilibrium,
Dp�x; t� � 0 and

j 2 � 4e 2
pn
tp

DxD f :

The diffusion ± recombination transport of minority
current carriers in the neutral regions of a diode on the one
hand and currents in a distributed parameter line on the other
hand have a deeper analogy between them than revealed in
Ref. [11], and one that extends to equilibrium noise. One
further analogy is between the equilibrium hole concentration
pn and the diffusion potential kT=e in Eqns (16) and (17) for
thermal noise in an RC line.

Given the last-listed point of correspondence, it immedi-
ately follows from Eqn (16) that under thermodynamic
equilibrium, the hole concentration is characterized by the
mean-square deviation

Dp 2 � 4
pn
Dp

DxD f

due to the random nature of hole diffusion.
Relation (10) can also be proved in general for Dp�x� 6� 0

[11]. We let the mean number of holes in an element of length
Dx be denoted by P � pDx. For diffusive scattering, the
mean square deviation of the number of holes dP 2 is equal to
their mean number, dP 2 � P � pDx, and hence the mean
square deviation of hole concentration in an element Dx is

dp 2 � dP 2

�Dx�2 �
p

Dx
:

But if a fluctuating quantity X�t� is characterized by the
normalized correlation function of the form R�t� �
exp �ÿt=t0�, then the Wiener ±Khinchin theorem [3, 11] tells
us that the spectral density of this function at relatively low
frequencies is given by S�o� � 4X 2�t�t0.

The frequency characteristic of an element of a distributed
parameter line (see Fig. 3) for Dx! 0 and the short-circuited
output is expressed by

iout � iin
�BDx� ioCDx� 1=RDx�RDx

� iin

1� RB�Dx�2 � ioRC�Dx�2

� iin

1� ioRC�Dx�2 �
iin

1� iot0
:

Using the relations above, we obtain t0 � �Dx�2=Dp, S�o� �
4pDx=Dp, and

Dp 2 � 4
p

Dp
DxD f � 4

pn � Dp�x�
Dp

DxD f :

The same relation was obtained earlier by Petritz from the
solution of the Fokker ± Planck equation (see Ref. [11],
p. 141).

Thus, j 2 and Dp 2 both prove to be proportional to the
local hole concentration. However, if the generation ±
recombination noise j 2 transforms into noise in the diode's
external short circuit with the factor exp �ÿ2ax=Lp� (as does
photon noise in the case of local irradiation to the point x),
then the factor���� e _Lp

_tp

����2 � ���� eDp

_Lp

����2 � e 2D 2
p �2a 2 ÿ 1�
L2
p

� e 2Dp�2a 2 ÿ 1�
tp

is added to recalculate concentration fluctuations Dp 2, which
is equal to e 2Dp=tp at low frequencies �otp 5 1� and is equal
to oe 2Dp and increases with the frequency for o4 1=tp,
when a � �������������

otp=2
p

4 1.
By the last two equations, the diffusive fluctuations in the

local minority carrier concentration in a long diode turn out
to be equivalent to shot noise due to their local generation and
recombination fluxes, either of which is

pn � Dp�x�
j_tpj Dx :

In diffusion fluctuations of the minority carrier concen-
tration, in contrast to fluctuations due to the diffusion of
majority carriers, which relax on the time scale of dielectric
(or Maxwellian) relaxation, only the charge of the minority
carriers is neutralized by the majority carriers during the
Maxwellian time. As regards the local fluctuations in the
minority carrier concentration (and it is their relaxation that
gives rise to diffusion noise in the diode's external circuit),
they relax by the minority carriers' recombination and
thermal generation. As the effective minority carrier lifetime
decreases, local diffusion relaxation currents increase, with
the diffusion noise dominating at angular frequencies larger
than the inverse lifetime of the minority carriers.

Noise transmission coefficients to the input of a distrib-
uted parameter line are found in Section 6.

One further point of correspondence between the p�ÿn
junction and the transmission line is worth noting: the load
resistance Rl in the line (see Fig. 5) corresponds in the p�ÿn
junction to the quantity 1=es, where s is the recombination
rate at the surface of the n-region that is parallel to the p�ÿn
junction.
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5. Long p�ÿn junction

For the n-region length wl 4Lp (which imposes no limita-
tions on the frequency range studied, see Fig. 4) and for a
constant external voltage V across the p�ÿn junction, it
follows from Eqns (8), (13), and (14) that

Dpth�x� � pn

�
exp

�
eV

kT

�
ÿ 1

�
exp

�
ÿ x

Lp

�
; �26�

where the subscript `th' indicates that the hole concentration
deviates from its equilibrium value due to the electric bias
applied to the diode. Combining this with Eqns (6) and (26)
yields the well-known expression for the static IÿV char-
acteristic of a nonirradiated long p�ÿn junction [13]:

j � jp�x � 0� � epnDp

Lp

�
exp

�
eV

kT

�
ÿ 1

�

� epnLp

tp

�
exp

�
eV

kT

�
ÿ 1

�
� js

�
exp

�
eV

kT

�
ÿ 1

�
; �27�

where js is the saturation current of the p�ÿn junction.
Assuming a p�ÿn junction to be exposed to a time-

constant voltage V and a harmonically varying small
perturbation dV < kT=e, the specific (per cm2 of the cross
section) differential conductance of the junction can be
written as

_G � d jp�x � 0�
dV

� d jp�x � 0�
dDpth�x � 0�

dDpth�x � 0�
dV

:

The derivative

d jp�x � 0�
dDpth�x � 0�

corresponds to the characteristic conductance _Y of an
equivalent transmission line, and its value for a p�ÿn
junction is �eLp=tp�

������������������
1� iotp

p
. From Eqn (8),

dDpth�x � 0�
dV

� epn
kT

exp

�
eV

kT

�
:

We then find that

_G � eLp

tp

������������������
1� iotp

p epn
kT

exp

�
eV

kT

�
� e js

kT
exp

�
eV

kT

� ������������������
1� iotp

p
� e

kT
� j� js�

������������������
1� iotp

p � G
������������������
1� iotp

p
� G

�������������������������������������
�1� o2t 2p �1=2

2
� 1

2

s
� i

�������������������������������������
�1� o2t 2p �1=2

2
ÿ 1

2

s24 35
� G�a� ib� � Ga � Gr ; �28�

where G, Ga, and Gr are the respective low-frequency value,
active component, and reactive component of the complex
conductance _G of a p�ÿn junction. Clearly, relation (28) can
also be obtained from the IÿV characteristic of a long diode
using the frequency characteristics of _Lp and _tp.

For low �o5 1=tp� frequencies, the specific dynamic
resistance of a zero-biased p�ÿn junction can be written as

r � 1

G
� kT

e js
: �29�

We note that for o5 1=tp,

iGr � iG

�������������������������������������
�1� o2t 2p �1=2

2
ÿ 1

2

s
� iG

�����������
o2t 2p
4

s
� io

Gtp
2

� io
tp
2

e js
kT

exp

�
eV

kT

�
� ioCeff : �30�

The effective capacitance detected in the external circuit of a
p�ÿn junction at low frequencies turns out to be half its
diffusion capacitance:

Cdif � qQ
qV

� q
qV

�
e

�1
0

pn

�
exp

�
eV

kT

�
ÿ 1

�
exp

�
ÿ x

Lp

�
dx

�
� 2Ceff :

The discussion above suggests that the reason for the
decrease in the effective capacitance is the diffusion ±
recombination transport of holes in the n-region, a process
that produces the charge and discharge currents of the
diffusion capacitance (the dynamics of change in the hole
concentration corresponds to a distributed parameter equiva-
lent line).

The frequently cited explanation of the twice reduced
diffusion capacitanceÐ that electrons and holes are not
separated spatially [15]Ð is not sufficient and is at odds
with the familiar notion that capacity increases as the
condenser plates are brought closer together.

We recall that the diffusion capacitance at forward bias is
orders of magnitude larger than the barrier capacitance Cb of
a p�ÿn junction.

If the radiation locally incident on the p�ÿn junction is
intensity-modulated at a frequency o, then it follows from
Eqn (19) that the photocurrent of the external short circuit is

jph � ÿegDL exp

�
ÿ L

_Lp

�
; �31�

and its amplitude ± frequency characteristic is given by

j jphj � egDL

���� exp�ÿ L

_Lp

�����
� egDL

���� exp�ÿL�a� ib�
Lp

����� � egDL exp

�
ÿ aL

Lp

�
� egDL exp

�
ÿ L

Lp

�
exp

�
ÿ�aÿ 1� L

Lp

�
; �32�

because
��exp �ÿibL=Lp�

�� � 1.
For o5 1=tp or an unmodulated radiation flux, jph �

ÿegDL exp �ÿL=Lp�, and, in addition to Dpth�x� [see
Eqn (26)], photogenerated excess holes appear in the n-
region, whose concentration can be written, using Eqns (20)
and (21), as

Dpph1�x� � gDL
tp
2Lp

exp

�
ÿ L

Lp

�
�
�
exp

�
x

Lp

�
ÿ exp

�
ÿ x

Lp

��
�33�
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for 04 x4L, and

Dpph2�x� � gDL
tp
2Lp

�
exp

�
L

Lp

�
ÿ exp

�
ÿ L

Lp

��
� exp

�
ÿ x

Lp

�
�34�

for 04 x4wl.
The thin solid line in Fig. 6 shows the hole distribution in

the case where the n-region of a long diode is exposed to
steady-state radiation shaped into a narrow strip located at a
distance of half the low-frequency diffusion length from the
space charge region.

The spectral noise density of an unmodulated photon flux
is [1]

Sf;ph � 2e 2gDLkd : �35�

With Eqns (23) and (32), the spectral density component of
external photoinduced noise that is due to the noise in the
incident photon flux (the spectral density of the reduced
radiation noise power) is given by

Sw; ph�o� � 2e 2gDLkd

���� exp�ÿ L

_Lp

�����2
� 2e 2gDLkd

���� exp�ÿL
������������������
1� iotp

p
Lp

�����2
� 2e 2gDLkd exp

�
ÿ 2aL

Lp

�
: �36�

Here, the factor that expresses the coordinate and time
dependences is the same as in Eqn (32), but squared.

In the external circuit, the spectral density of the total
noise current (which includes thermal noise and photo-
induced noise) is calculated from a formula similar to
Eqn (25), but with the addition of the reduced radiation

noise power,

S�o� �
�1
0

�
2e 2

Dpth�x� � Dpph�x� � 2pn
tp

� 4
Dpth�x� � Dpph�x� � pn

Dp

e 2L2
p

t 2p
�2a 2 ÿ 1�

�

� exp

�
ÿ 2ax

Lp

�
dx� 2e 2gDLkd exp

�
ÿ 2aL

Lp

�
; �37�

where, for wl 4Lp, the upper integration limit can clearly be
replaced by infinity.

In Eqn (37), Dpth�x� is defined by Eqn (26), Dpph�x� is
defined by Eqns (33) and (34), and j _Y j2 corresponds to

e 2L2
p

t 2p

���1� iotp�
�� � e 2L2

p

t 2p
�2a 2 ÿ 1� :

The first term in the brackets in the integrand in Eqn (37)
involves the sum of the spectral densities of the local shot
noise from the thermal generation of holes, pn=tp, and from
their recombination,

Dpth�x� � Dpph�x� � pn
tp

:

The expression

4
�
Dpth�x� � Dpph�x� � pn

�
Dp

is the spectral density of noise due to the thermal diffusion of
holes.

5.1 Photoinduced noise in a long p�ÿn junction
We begin by calculating the spectral density of photoinduced
noise in a long p�ÿn junction:

Sph�o� � Ss;ph�o� � Sw; ph�o�
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� 4
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Figure 6. Distribution of the steady-state hole concentration in the

n-region of a long p�ÿn junction. Thin solid line: photohole concentra-

tions Dpph;1�x;L � Lp=2� and Dpph;2�x;L � Lp=2� (in units of gtpDL=L)
for local irradiation at the point L � Lp=2. Dashed line: (1) photohole

concentration Dpph�x� in units of gtp for uniform irradiation and (2) hole

concentration (in units of pn) for reverse saturation current js. Thick solid

line: hole concentration Dpth�x� (in units of pn) for the direct current js
through the p�ÿn junction.
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where Ss;ph is the radiation-induced inherent noise of the
diode.

To trace the origin of some terms in the final expressions, a
number of intermediate calculation steps are kept in Eqn (38).

Comparing Eqns (32) and (38) reveals different algo-
rithms by which the photocurrent and photoinduced noise
form during the diffusion ± recombination transfer of holes
photogenerated in the n-region.

As photoholes diffuse from their generation place to the
space charge region in a diode irradiated locally by an
unmodulated or low frequency flux, they form a steady-state
concentration profileDpph�x� in the n-region, dependent onL
andLp [see Eqns (33) and (34) and the thin solid line in Fig. 6].
Photohole recombination at the local rate Dpph�x�=tp results
in some loss in the photocurrent: its collecting coefficient is
exp �ÿL=Lp� according to Eqn (32). Increasing the radiation
modulation frequency decreases the effective lifetime and
diffusion length of the holes, as well as reduces the hole
collecting coefficient, which is now exp �ÿaL=Lp�.

Hence, the spectral density of the reduced radiation noise
(reduced noise power) in the external circuit [Eqn (36)] is
proportional to exp �ÿ2aL=Lp�.

However, noise in the external circuit of a p�ÿn junction
is also created by fluctuations that occur in the local
recombination and diffusion rates and are determined by the
steady-state profile of the photohole concentration. Impor-
tantly, the transmission coefficient of the local recombination
and diffusion noise to the external circuit is exp �ÿ2ax=Lp�,
whereas the transmission coefficient of local diffusion noise
increases unlimitedly with the frequency due to the reduction
in the effective diffusion length of the holes.

It follows from Eqns (36) and (38) that the larger the ratio
L=Lp and the higher the modulation frequency, the greater
the inherent noise of the diode, Ss; ph, contributes to the
photoinduced noise relative to the reduced radiation noise,
Sw; ph.

Equation (38) also implies that local recombination and
diffusion fluctuations are in the proportion 1 :2�2a 2 ÿ 1� to
the inherent photonoise of a long diode. At low frequencies,
a � 1 and this ratio is expectedly 1 :2, whereas at high
frequencies, for o4 1=tp, the photoinduced noise is pro-
duced by diffusion noise.

For kd � 1, according to Eqn (38), the spectral density of
photoinduced noise turns out to be frequency independent,
and, furthermore, its value corresponds to the shot noise of
the constant component of the photocurrent

Sph�o� � 2e 2gDL exp

�
ÿ L

Lp

�
� 2ejph :

This conclusion holds at least for angular frequencies lower
than the inverse time of flight of current carriers through the
space charge region of the p�ÿn junction.

It follows from the last equation, as from the generalized
equation (4) above, that Sph�o� is determined only by the
constant photocurrent component jph and is independent of
where they are generated or how efficiently they are collected.

Finally, by comparing Eqns (32) and (38) for kd 4 1, we
see that the amplitude of photonoise due to Eqn (36), which is
enhanced relative to shot noise, decreases in the same
frequency ranges where the photocurrent decreases. Thus,
independently of kd, it turns out that at high frequencies
(when the photocurrent virtually disappears), photoinduced
noise in a p�ÿn junction again corresponds to the shot noise

of the constant photocurrent component and is due to the
diffusion noise transferred to the external circuit.

When L � Lp, it follows from Eqn (32) that the photo-
current decreases to the level of 1=

���
2
p � 0:707 at the

frequency o � 10=tp � 5=ttr�Lp�, with the proportion of the
reduced photon noise being already less than 2.5% at this
frequency for kd � 1. Here, ttr�L� � L2=2Dp is the photohole
diffusion time of flight over a distance L.

For L5Lp, the photocurrent decreases to the same level
at a � 0:35�Lp=L�4 1 (i.e., a � �������������

otp=2
p

). In this case,
relation (32) becomes

j jphj � egDL exp

�
ÿ

���������
otp
2

r
L

Lp

�
� egDL exp

ÿÿ ����������������
ottr�L�

p �
:

�39�

Now j jphj drops to the level of 0.707 at the much higher
frequency o � 1:82=ttr�L�. It is readily seen that also in this
case, foro5 1=ttr�L�, the photoinduced noise in the external
circuit is mainly due to the reduced radiation noise, and for
o4 1=ttr�L�, due to noise caused by photohole diffusion in
the n-region.

We note that for an equivalent RC-distributed line, the
frequency range o4 1=tp corresponds to frequencies
o4B=C, for which the value of B is no longer significant
(nor is the presence of a limit Lp in the frequency dependence
of j _Lp�o�j).

For a uniformly irradiated n-region with the bulk
photocarrier generation rate g (cmÿ3 sÿ1), as before, the
photocurrent in the external short circuit of a p�ÿn junction
is obtained by integrating Eqn (31) over the n-region, yielding

jph � ÿeg
�1
0

exp

�
ÿ L

_Lp

�
dL � ÿeg _Lp : �40�

The absolute value of the photocurrent is

j jphj � egLp�������������������
1� o2t 2p

4

q � egLp����������������
2a 2 ÿ 1
p :

The spectral density of the photon flux noise transferred
to the external circuit (reduced radiation noise) is

Sw; ph�o� � 2e 2gkd

�1
0

exp

�
ÿ 2aL

Lp

�
dL � 2e 2gLpkd

1

2a

for a uniform irradiation of the entire n-region, with the
spectral density of the inherent photonoise of the p�ÿn diode
being

Ss;ph�o� � 2e 2g

�1
0

�
exp

�
ÿ L

Lp

�
ÿ exp

�
ÿ 2aL

Lp

��
dL

� 2e 2gLp

�
1ÿ 1

2a

�
in accordance with Eqn (38).

Finally, the spectral density of the total photoinduced
noise is given by

Sph�o� � Sw; ph�o� � Ss; ph�o� � 2e 2gLp

�
1� �kd ÿ 1� 1

2a

�
� 2e jph

�
1� �kd ÿ 1� 1

2a

�
�41�
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or, for kd � 1,

Sph�o� � 2e jph :

It follows from Eqn (40) that the photocurrent in the case
of a uniformly irradiated n-region decreases to 0.707 at the
frequency o � ���

3
p

=tp. We note that in the case of a uniform
irradiation, for o5 1=tp (or a � 1) and kd � 1, the reduced
radiation noise is equal to the inherent photonoise of the
diode. But for o4 1=tp (or a �

�������������
otp=2

p
4 1), we have

�� jph�o��� � �� jph�o � 0�����������
otp
p � eg

���������
L2
p

otp

s

� eg

�������
Dp

o

r
5 jph�o � 0� :

The photocurrent is now collected from a small high-
frequency diffusion length, and photoinduced noise in the
external circuit is fully determined by the photohole diffusion
noise transferred to this circuit and again corresponds to the
shot noise of the constant photocurrent component.

The hole concentration (or steady-state diffusion profile)
in a uniformly irradiated n-region is obtained by integrating
Eqns (33) and (34) over L, yielding

Dpph�x� �
� x

0

Dpph2�x;L� dL�
�1
x

Dpph1�x;L� dL

� g_tp

�
1ÿ exp

�
ÿ x

Lp

��
: �42�

The dashed line in Fig. 6 shows the hole distribution in the
case of an entirely and uniformly irradiated n-region. If the
external circuit is short-circuited, then in both the local
[Eqn (33)] and uniform cases, the hole concentration at the
boundary with the space charge region is zero, and the slope
of steady-state curves is determined by the constant compo-
nent of the diffusion flux.

Thus, the fact that the steady-state concentration of
photoinduced holes [Eqns (33) and (34) for arbitrary L and
Eqn (42) for uniform photogeneration] and the correspond-
ing generators of inherent diffusion and recombination
photonoise change their distribution along the n-region
depending on the excitation conditions (with or without
recombination) leads, for kd � 1, to the formation in the
external circuit of white noise corresponding to the shot noise
of a low-frequency photocurrent. For kd > 1, at relatively low
frequencies (lower than the inverse photocurrent attenuation
time), a low-frequency plateau of photonoise with amplitudes
corresponding to the generalized expression (3) forms.

Moreover, Eqn (38) can be written in the form

Sph�o� � 2e 2gDLkd exp
�
ÿ 2aL

Lp

�
� 2e 2gDL

�
exp

�
ÿ L

Lp

�
ÿ exp

�
ÿ 2aL

Lp

��
;

which is totally equivalent to Eqn (3) for the expected value of
quantum yield for a long diode at low frequencies,
Z � exp �ÿL=Lp�.

Thus, seemingly abstract current distribution noise in
semiconductor p�ÿn junctions is found to arise physically
from local fluctuations in the bulk recombination and
diffusion of photoholes that form steady-state distribution

profiles in the electrically neutral n-region. This conclusion is
consistent with the fact that the inherent photonoise of a
p�ÿn junction can be represented in the form of noise
generators distributed along the n-region, with their power
proportional to the input influence g [see Eqns (9), (10), (33),
(34), and (42)].

A point to emphasize here is that the Langevin method
used in the calculation has allowed the current distribution
noise and the spectral power of noise in a p�ÿn junction to be
determined at high angular frequencies (larger than the
inverse photocurrent attenuation time).

In particular, comparing Eqns (3) and (38) yields the
following relations for a long diode, in which the probability Z
depends both on L and on the frequency in general:

Xi � X 2
i � exp

�
ÿ L

Lp

�
� Z�L;o � 0� ;

�43�
�Xi �2 � exp

�
ÿ 2aL

Lp

�
� Z 2�L;o� :

The following aspects give an insight into the formation at
high frequencies of a photoinduced noise current plateau that
is insensitive to excitation details and corresponds to the shot
noise of the constant photocurrent component.

It follows from Eqn (38) that at high frequencies, when
a4 1 and the output noise current is dominated by diffusion
noise, the incoherent collection of noise in the n-region occurs
starting with the length Lp=2a, which decreases with the
frequency. Here (recall Fig. 6), steady-state dependences
Dpph1�x� for local irradiation [Eqn (33)] and Dpph�x� for
uniform irradiation [Eqn (42)] are linearized. Because the
photocurrent jph is due to diffusion [Eqn (6)], these linearized
dependences are expressed by

Dpph � jph
eDp

x :

Substituting this in Eqn (38) for a4 1 leads, at high
frequencies, to the frequency-independent noise current that
corresponds to the shot noise of the constant photocurrent
component:

Sph�o� �
�1
0

4
Dpph�x�

Dp

e 2L2
p

t 2p
2a 2 exp

�
ÿ 2ax

Lp

�
dx � 2ejph :

Thus, spectrally white high-frequency noise arises when
the photohole concentration increases linearly from the space
charge region to the interior of the n-region because diffusion
noise currents (increasing with the frequency and propor-
tional to a 2) and the effective noise collection length
(decreasing with the frequency and inversely proportional to
a) compensate each other.

When the radiation degeneracy coefficient is unity, the
spectral densities of photoinduced currents of both plateaus
are also the same in the presence of bulk recombination.

However, if photoinduced noise at low frequencies is the
radiation noise transformed by a p�ÿn junction and the
quantum yield is close to unity, then at high frequencies noise
is produced in the p�ÿn junction itself after radiation has
been absorbed, and is always the shot noise of the constant
photocurrent component.

That the noise production mechanism changes at high
frequencies is apparently a general feature, not specific to
semiconductor pÿn devices but also occurring in other
information transformers with inherent inertia and noise.
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We recall that the inherent noise of a distributed
parameter line that is uniform along its length increases with
increasing the frequency.

5.2 Thermal noise in a long p�ÿn junction
The spectral density of thermal noise in a p�ÿn junction can
also be calculated from Eqn (37). In this case, for the short
circuit of a biased diode irradiated locally on its n-region side,
the total noise is written, using Eqn (38), in the form

S�o� � 2eLp

tp

�
pn � pn exp

�
eV

kT

�
�2aÿ 1�

�
� 2ejph

�
1� �kd ÿ 1� exp

�
ÿ�2aÿ 1�L

Lp

��
� 2e� j� js��2aÿ 1�

� 2e

(
js � jph

�
1� �kd ÿ 1� exp

�
ÿ�2aÿ 1�L

Lp

��)
�44�

or, for kd � 1,

S�o� � 2e� j� js��2aÿ 1� � 2e� js � jph� : �45�

For kd � 1, the spectral noise density of an irradiated
semiconductor diode at relatively low frequencies (o5 1=tp
or a � 1) can be represented as shot noise in two currents with
no correlation between them. One of these is the algebraic
sum of the dark current in the external circuit of the diode and
a current that is equal in magnitude to the diode's saturation
current but flows in the forward direction through the device.
The other current flows through the diode in the backward
direction and is the sum of the saturation current and the
photocurrent.

At large reverse biases, j � ÿjs and the first term in
Eqns (44) and (45) is zero, whereas with a reverse bias and
no irradiation � jph � 0�, the backward current noise is equal
to the shot noise of the saturation current over the entire
frequency range.

In this last case, Eqn (37) shows that the holes that were
generated in the n-region by thermal vibrations of the crystal
lattice and then reached the space charge region via diffu-
sion ± recombination transport behave similarly to the photo-
holes generated in that region by uniform irradiation. To see
this, we note that for reverse biases, from Eqn (26), the
thermal hole concentration distribution in the n-region is

pn�x� � pn � Dpth�x� � pn

�
1ÿ exp

�
ÿ x

Lp

��
; �46�

which is the same as for photoholes uniformly generated over
the n-region at the thermal generation rate pn=tp [see Eqn (42)
and the dashed line in Fig. 6]. In particular, by analogy with
Eqn (40), Eqn (46) immediately gives

js � epnLp

tp
� epnDp

Lp

for the reverse saturation current of a p�ÿn junction,
implying that all the conclusions in the preceding subsection
concerning photocurrent noise fully apply to the noise of the
reverse saturation current of a p�ÿn junction, the only
difference being that kd � 1 is assumed for thermal genera-
tion, following Refs [9 ± 11].

Fluctuations in the recombination and diffusion of the
thermal hole concentration pn�x� [Eqn (46)] are another
source of current distribution noise. As a result of adding
these noises with the reduced noise of the thermal hole
generation in the n-region, the spectral noise density of the
reverse-biased diode is independent of the frequency and
corresponds to the shot noise of the reverse saturation
current. For o4 1=tp, the diode noise is, as before,
dominated by the diffusion noise of the profile pn�x�, and
the low-frequency saturation current of the p�ÿn junction
determines the hole concentration gradient as x! 0.

It therefore follows that optimizing the frequency filtra-
tion of photodiode signals requires that the high-frequency
noise of a diode be cut off.

Reverse-biased semiconductor diodes and photodiodes
are also used as shot noise generators, although high-
frequency noise is in this case produced in a different way
than, e.g., the noise of nondegenerate radiation.

In the absence of radiation, assuming a forward-biased
p�ÿn junction and for o4 1=tp, the coefficient �2aÿ 1� ������������
2otp

p
4 1, and we obtain from Eqn (45) that

Sth�o� � 2e� j� js�
�����������
2otp

p
; �47�

that is, the noise current spectral density of a p�ÿn junction
increases with the frequency as

����
o
p

, similarly to the inherent
noise of a parameter distributed line. High-frequency noise is
here caused by external and saturation currents running
through the p�ÿn junction in the transmission direction.
We note that for a forward bias, as x! 0, the steady-state
concentration of holes in the n-region is determined by the
sum of pn and Dp�x � 0�, Eqn (8) for V > 0, i.e., exceeds pn
and does not tend to zero (see the thick solid line in Fig. 6).

By analogy to the noise of an RC-distributed line [see
Eqn (25)], Eqn (45) can be written in the form

Sth�o� � 2e� j� js� � 2e� js � jph� � 4e� j� js��aÿ 1�

� 2e� j� js� � 2e� js � jph� � 4kT�Ya ÿ Y � : �48�

It follows from Eqn (48) that, as with a distributed parameter
line, noise increase in the direct current of the external circuit
and in the direct saturation current correlates with the
magnitude of the high-frequency term added to the active
conductance of a p�ÿn junction.

Some of the holes (those that were injected into the
n-region when forward currents passed through the p�ÿn
junction and which did not have enough time at high
frequencies to diffuse into the n-region and to recombine
there) diffuse to the p�ÿn junction when it is biased in reverse
and return to the p�-region. Thus, at high frequencies, the
active part of the diode conductance increases, and so does
high-frequency noise.

In thermodynamic equilibrium (when there is no radia-
tion andV � 0),Dp�x� � 0 and pn 6� f �x� in the n-region. It is
well known, however, that the constant dark hole concentra-
tion pn within the distance of the diffusion length from the
space charge region is the result of thermodynamic balance
between two factors, the outflow of holes to the p�-region due
to the driving field (just these holes form the backward
saturation current), and the diffusion flux of holes (of the
same magnitude and the opposite direction) from the heavily
doped p�-region. The opposing currents cancel each other,
but because the noise of both the forward and backward
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currents has fluctuations in the generation, recombination,
and diffusion of thermal holes as their origin, and because it is
exactly in the n-region where these fluctuations occur, these
fluctuations show up as two identical noise currents in
Eqns (44) and (45).

If there is no radiation � jph � 0� and the p�ÿn junction is
zero-biased, then, for o5 1=tp, the noise current spectral
density of an external-short-circuited diode can be expressed
in accordance with Eqns (29) and (44) by theNyquist formula

Sth�o� � 4ejs � 4kT

r
;

which is valid for any element of an electric circuit with an
active resistance r if the circuit is in thermal equilibrium with
the environment. Hence, in thermodynamic equilibrium, the
shot noise arising due to the diffusion ± recombination
transport of minority carriers in a p�ÿn junction shows up
as the thermal noise of the junction's active conductance. At
the same time, Eqn (37) shows that diffusion-related thermal
noise gives rise to shot noise in a p�ÿn junction.

As is known, both shot noise and thermal noise are
generally due to the random nature of diffusion scattering,
which results, for example, in current carriers being random
in their free-path directions and lengths (thermal noise), and
which randomizes the times at which the carriers reach
potential barriers (shot current noise), recombination centers
(recombination flux noise), etc.

Thus, by systematically taking diffusion ± relaxation
processes in a semiconductor diode into account, it is
possible not only to calculate its static, dynamic, and noise
characteristics but also to show the common nature of
thermal and shot noise.

With minority current carriers transported by diffusion ±
recombination processes, individual recombination or gen-
eration events involving minority carriers that create an
external circuit current of the pÿn diode make the same
effective contribution to noise currents, no matter how far
from the space charge region the minority carriers pass. For
the backward current and the photocurrent, this immediately
follows from the correlation between the noise level and the
shot noise of the saturation current or photocurrent. For
forward currents, this follows from the fact that the integrals�1

0

exp

�
ÿ x

Lp

�
d

�
x

Lp

�

�
�1
0

exp

�
ÿ 2a� 1

Lp
x

�
d

�
2a� 1

Lp
x

�

are equal when local forward currents or noise sources are
summed in the external circuit.

We note that relations (44) and (45), without jph, as well as
Eqns (47) and (48), date back to the work of van der Ziel.
Finally, Neustroev and Osipov [18] showed that the spectral
noise density of a reverse-biased and irradiated long pÿn
junction corresponds to the shot noise of the total current
through the pÿn junction with kd � 1 and the photogenera-
tion rate decreases exponentially away from the space charge.

6. Short p�ÿn junction

The conclusions in the preceding sectionÐ that at high
frequencies the thermal noise of a reverse-biased semiconduc-

tor p�ÿn junction and its photonoise are due to the minority
carrier diffusion noise in the n-region, and that they are
identical to the shot noise of the dark current or of the
constant photocurrent component, respectivelyÐare valid
for any value of the ratio w=Lp. This fact seems to have a
positive effect on the agreement between the van der Ziel
theory and the wide range of experimental data.

This section is concerned with the so-called p�ÿn
junction with ws 5Lp, a structure which is typical of thin-
based semiconductor photodiodes with a low longitudinal
resistance of the irradiated n-region. Although the diffusion
hole current in a junction clearly remains one-dimensional,
analyzing a thin-base p�ÿn junction requires including the
surface generation and recombination of holes on its contact-
free surface, which is located at x � ws and constitutes most
of the area of the p�ÿn junction.

For L=j _Lpj5 1, we find from Eqn (18) that

_Zout; 1�x � L� � ÿRL
�
1ÿ L2

3 _L2
p

�
:

If the recombination rate on the photosensitive surface is
reasonably limited by s5Dp=ws or ws�R=Rl�5 1 (for
Dp � 100 cm2 sÿ1 and ws � 10ÿ4 cm, the surface recombina-
tion rate s is bounded by the value 106 cm sÿ1), then for
relatively low frequencies o5 1=2ttr�ws� (or ws 5 j _Lpj, see
Fig. 4), we obtain

_Zin; 2 � R

�ws ÿ L�= _L2
p � R=Rl

: �49�

The short-diode analogues of Eqns (19) ± (24) then become

i � ÿig
�
1� L�ws ÿ L=2�

_L2
p

� L
R

Rl

�ÿ1
; �50�

_uph;1�x;L� � igRx

�
1ÿ L�ws ÿ L=2� ÿ x 2=6

_L2
p

ÿ L
R

Rl

�
� igRx ; �51�

_uph;2�x;L� � igRL

�
1ÿ x�ws ÿ x=2� ÿ L2=6

_L2
p

ÿ x
R

Rl

�
� igRL ; �52�

i 2 � i 2N

�
1ÿ L�2ws ÿ L�

L2
p

ÿ 2L
R

Rl
ÿ o2t 2tr�ws�L

2�2ws ÿ L�2
w 4
s

�
;

�53�

i � eg
R

�
ws ÿ L

_L2
p

� R

Rl

�
; �54�

i 2 � e 2N
R 2

��
ws ÿ L

L2
p

� R

Rl

�2

� o2t 2tr�ws� 4�ws ÿ L�2
w 4
s

�
: �55�

The steady-state IÿV characteristic of a `short diode' is
expressed in terms of _Zin; 2 [Eqn (49)] for L � 0,

i�x � 0� � _u�x � 0�
_Zin; 2�L � 0� �

V

R

�
ws

_L2
L

� R

Rl

�

and, given the parallels mentioned above between the
distributed parameter line and the p�ÿn junction, is written
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in the form

j � epnws

tp

�
1� stp

ws

��
exp

�
eV

kT

�
ÿ 1

�
� epn

�
ws

tp
� s

��
exp

�
eV

kT

�
ÿ 1

�
� jss

�
exp

�
eV

kT

�
ÿ 1

�
:

�56�
We note that the limitation imposed on the surface

recombination rate, s5Dp=ws, does not exclude the possibi-
lity of the short diode IÿV characteristic being determined
only by its surface conditions ( jss � epns for s > ws=tp).

It is also easily shown, similarly to Section 5, that the
specific differential conductance (per 1 cm2 of the area of the
p�ÿn junction) is

_G � e

kT
� j� jss�

�
1� io

tp
1� stp=ws

�
� G

�
1� io

tp
1� stp=ws

�
: �57�

It follows from Eqn (57) that the differential conductance
starts to increase with frequency at the angular frequencies
o � �1� stp=ws�=tp. For s tending to zero, the characteristic
frequency is, as in the long case, o � 1=tp. But as s
approaches Dp=ws, this frequency already tends to a much
larger value 1=2ttr�ws�.

The distribution of the steady-state concentration of
excess holes in the n-region of a p�ÿn junction under a bias
V is given by a relation similar to Eqn (52) for L � 0:

Dpth�x;V � � pn

�
exp

�
eV

kT

�
ÿ 1

��
1ÿ x�ws ÿ x=2�

L2
p

ÿ x
s

Dp

�
:

�58�

It follows fromEqns (56) and (58) that with the limitations
on ws and s imposed above, the excess concentration of dark
holes differs little from pn

�
exp �eV=kT � ÿ 1

�
over the entire

n-region. Therefore, for a forward bias, the recombination
rate is close to

pn
�
exp �eV=kT � ÿ 1

�
tp

ws

over the entire n-region, and to

pns

�
exp

�
eV

kT

�
ÿ 1

�
on the surface. In a reverse biased p�ÿn diode, Dp�x�� ÿpn,
the dark current from the volume of the n-region is � pn=tp�ws,
and the current from the surface is pns.

Simply substituting egDL for ig in Eqn (50) gives the p
�ÿn

junction photocurrent in the case where the n-region is
irradiated locally by a narrow strip (projected at a distance
L4ws from and parallel to the boundary with the space
charge region) and the electron ± hole pair generation
intensity is g (cmÿ3 sÿ1).

Foro5 1=2ttr�ws�, the absolute photocurrent in the local
irradiation case is given by

j jphj � egDL
�
1ÿ L�ws ÿ L=2�

L2
p

ÿ L
s

Dp

�

�
�
1� o2 L2�2ws ÿ L�2

4D 2
p

�ÿ1=2
: �59�

Replacing igR by gDL=Dp in Eqns (51) and (52) then yields the
distributions of the excess hole concentrations in the n-region,
i.e., Dpph;1�x;L� and Dpph;2�x;L�, respectively (solid line in
Fig. 7).

We also calculate the low-frequency �o5 1=2ttr�ws��
photocurrent in the external circuit of the diode in the case
where carriers are photogenerated uniformly with intensity g
over the entire volume of the short n-region. We find

jph � ÿeg
� ws

0

�
1ÿ L�ws ÿ L=2�

_L2
p

ÿ L
s

Dp

�
dL

� ÿegws

�
1ÿ w 2

s

3 _L2
p

ÿ wss

2Dp

�

or

j jphj � egws

�
1ÿ w 2

s

3L2
p

ÿ wss

2Dp

��
1� o2

�
w 2
s

3Dp

�2 �ÿ1=2
; �60�

and the hole distribution in the short diode (dashed line in
Fig. 7) can be written as

Dpph�x� �
� x

0

Dpph;2�x;L� dL�
� ws

x

Dpph;1�x;L� dL

� g

Dp
x

�
ws ÿ x

2

��
1ÿ 8w 3

s � 12wsx
2 ÿ 15x 3

12L2
p�ws ÿ x�

ÿ s

Dp

w 2
s

2ws ÿ x

�
� g

Dp
x

�
ws ÿ x

2

�
: �61�

Unlike the noise of opposite saturation currents (see the
discussion in the preceding section), noise sources for surface
generation and recombination are not included in the
distributed parameter equivalent line. In what follows, we
assume that the generation of minority carriers from surface
levels in a reverse-biased p�ÿn junction and their recombina-
tion via surface levels in a forward-biased or irradiated
junction are also accompanied by shot noise.

The table lists expressions, obtained using Eqns (9), (10),
(53), (55), (59), and (60), for the low-frequency photocurrent
and its shot noise, as well as for the individual components
of short diode photonoise, due to the reduced noise of the
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Figure 7. Distribution of steady-state photohole concentrations in the

n-region of a short p�ÿn junction, obtained by neglecting losses to bulk

and surface recombination. Solid line: photohole concentrations

Dpph;1�x;L � ws=2� and Dpph;2�x;L � ws=2� for local irradiation at the

point x � ws=2, in units of gwsDL=Dp. Dashed line: photohole concentra-

tion Dpph�x� for uniform irradiation in units of gw 2
s =Dp.
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photon flux and to the bulk and surface recombination
noise.

Bulk recombination noise can be calculated to the
required level of accuracy by using approximate relations
(51), (52), and (61). The effect of diffusion noise in a short
diode at low frequencies can be ignored altogether: the
transmission coefficient of diffusion fluctuations in local
concentration to the external circuit decreases by the factor
�ws=Lp�2 as s! 0 because holes in the n-region recombine
and are thermally generated at a smaller distance than the
diffusion length in the long diode.

In the approximations adopted above, the low-frequency
noise of a diode at kd � 1 always corresponds to the shot
noise of the constant photocurrent component. For kd > 1,
the spectral density of reduced photogeneration noise
increases by the factor kd.

Clearly, in the low-frequency range, dark current noise is
also determined by the shot noise ratio

Sth�o� � 2e 2pn

�
ws

tp
� s

�
exp

�
eV

kT
ÿ 1

�
: �62�

For high frequencies, o4 1=2ttr�ws� or

ws 4 j _Lpj �
����������
2Dp

o

r ���� 1

1� i

���� �
�������
Dp

o

r
(see Fig. 4), the collection of photocurrent and thermal and
photoinduced noise in a short diode is determined by long-
diode relations (19) and (22) ± (24). The absolute local
photocurrent can be represented as

j jphj �
����ÿegDL exp

�
ÿ L

_Lp

����� � egDL exp
ÿÿ ����������������

ottr�L�
p �

;

�63�

and the spectral density of the reduced photocurrent noise
normalized to the external circuit is given by

Sw; ph�o� � 2e 2gDLkd exp
ÿÿ2 ����������������

ottr�L�
p �

: �64�

To avoid cumbersome calculations, we first consider the
simpler case of a short diode with no bulk or surface
recombination. This approximation corresponds with the
discussion in Ref. [7] and, according to Eqns (59) and (60),
occurs for L5ws. In the absence of recombination, the
photohole concentration is given by simplified equations
(51), (52), and (61), and the inherent photoinduced noise of
a p�ÿn junction (i.e., diffusion noise normalized to the

external circuit) is given by

Ss;ph�o� �
� L

0

4
gDLx
D 2

p

e 2oDp exp

�
ÿ 2ax

Lp

�
dx

�
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L

4
gDLL
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p
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�
ÿ 2ax

Lp

�
dx

� 2e 2gDL
h
1ÿ exp

ÿÿ2 ����������������
ottr�L�

p �i
: �65�

For o4 1=2ttr�L�, in a short diode, the coefficient for
recalculating the diffusion fluctuations in the hole concentra-
tion to currents is e 2oDp, as in the long diode.

There are two extreme cases to consider:
(1) ottr�L�5 1, i.e., the distance from the radiation strip

to the space charge region is much smaller than ws. In this
case,

j jphj � egDL
ÿ
1ÿ

����������������
ottr�L�

p � � egDL ;

Sw; ph�o� � 2e 2gDLkd
ÿ
1ÿ 2

����������������
ottr�L�

p � � 2e 2gDLkd ;

Ss;ph�o� � 2e 2gDL 2
����������������
ottr�L�

p
5 2e 2gDL ;

the photocurrent and photoinduced noise due to the reduced
radiation noise turn out to be practically the same as those for
low frequencies.

(2) ottr�L�4 1. Then,

j jphj � egDL

exp
ÿ ����������������

ottr�L�
p � 5 egDL ;

Sw; ph�o� � 2e 2gDLkd
exp

ÿ
2
����������������
ottr�L�

p � 5 2e 2gDL ;

Ss;ph�o� � 2e 2gDL :

For kd � 1, the photoinduced noise of a short p�ÿn
junction with no loss to recombination at low or high
frequencies is equal to the shot noise of the constant
component of the photocurrent. For kd > 1, there are two
noise plateaus, with the spectral density the low-frequency
one being kd times the spectral density of the high-
frequency one. These results agree with the conclusions in
Ref. [7].

To assess the influence of bulk and surface recombination
in a short p�ÿn junction, it is of interest to consider the case
ottr�L�4 1. The second integral in Eqn (65) can then be

Table. Photocurrents and noise spectral densities of short p�ÿn diodes at low frequencies �o5 1=2ttr�ws��.
Irradiation Absolute photocurrent

j jphj
Noise spectral densities in the external circuit of a p�ÿn junction

Photocurrent shot noise Reduced radiation noise Bulk
recombination

noise

Surface
recombination

noise

Strip at a dis-
tance L4ws egDL
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2L2
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neglected, and using Eqns (51) yields
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� 2e 2gDL
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�
: �66�

In the presence of bulk and surface recombination, the
photoinduced noise of a locally irradiated short p�ÿn
junction remains white in the high-frequency range
�o4 1=2ttr�ws��, corresponding, as before, to the shot noise
of the constant photocurrent component.

A similar situation occurs for a short p�ÿn junction
under uniform irradiation conditions. In exactly the same
way, the high-frequency thermal noise of a reverse-biased
p�ÿn junction is also white and expressed by relation (62).

Thus, the basic conclusions regarding the physical sources
and formation mechanisms of noise currents, formulated for
long diodes, remain valid for the short p�ÿn junctionÐ
remembering only the considerable reduction in the time of
flight of minority carriers from their place of generation to the
space charge region. Notably, the presence of a surface less
than the diffusion length away from the space charge region
does not prevent white noise formation if the generation and
recombination of current carriers on the surface are Poisson
processes.

For both long and short diodes, it is found that at low
frequencies, the noise from the thermal and photogeneration
of minority carriers, reduced due to bulk and surface
recombination, adds to the current distribution noise that
arises in the p�ÿn junction. As a result, dark current shot
noise and (if the radiation degeneracy coefficient kd is unity)
the constant photocurrent component appear in the external
circuit of the p�ÿn junction. At high frequencies, the spectral
density of external circuit noise in a reverse-biased p�ÿn
transition remains the same as that in the low-frequency
range, although here the only source of noise is the diffusion
component of the current distribution noise.

If the radiation degeneracy coefficient is greater than
unity, then the spectral density of the low-frequency photo-
induced noise increases by the factor kd, but the high-
frequency noise remains unchanged.

Apparently, the situation is to remain unchanged by
adding an nÿn� contact to the short n-region, if the hole
current through the contact is accompanied by shot noise.
However, the influence of various types of contacts on the
noise characteristics of short p�ÿn junctions requires further
study, even if the area of the contact is small compared to that
of the p�ÿn junction.

7. Conclusion

Photoinduced noise in a semiconductor p�ÿn junction has
been calculated as a function of coordinates and frequency
with the bulk and surface recombination of photocarriers
generated in the electrically neutral n-region under local
irradiation taken into account.

It is found that the physical sources of current distribution
noise in semiconductor p�ÿn junctions are fluctuations in the
local recombination and diffusion rates of holes that form

steady-state distribution profiles as they flow away diffusively
from their generation place in the n-region.

A physical mechanism is identified whereby a semicon-
ductor p�ÿn junction produces high-frequency thermal noise
and photoinduced noise equal to the shot noise of the dark
current and the constant photocurrent component, respec-
tively. This noise exists when the hole (photohole) concentra-
tion increases linearly from the space charge region into the
interior of the n-region, and results from the mutual
compensation of the frequency dependences of diffusion
noise currents, on the one hand, and the effective length for
collecting noise from the n-region, on the other.

Photoinduced noise at low frequencies is close to the
radiation noise transformed by the p�ÿn junction, but at
high frequencies, photoinduced noise forms in the p�ÿn
junction itself following the absorption of the radiation.

A change in the noise formation mechanism in passing to
higher frequencies is apparently a general feature, occurring
not only in semiconductor pÿn junctions but also in other
information transformers that are inherently inertial and
noisy.

Understanding the sources and formation mechanism of
inherent noise is apparently essential for the design of low-
noise semiconductor structures, including multilayer ones.
This makes it even more surprising that over half a century
after van der Ziel's publications, despite the ever increasing
interest in ultra-low noise electronic and optoelectronic
devices, no knowledge has been gained of the physical
sources of current distribution noise or of the mechanisms
underlying the formation of white noise in semiconductor
pÿn junctions.
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