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Introduction
Considerable progress has been made in the last two de-
cades on the identification of new materials for layered
photoconductor devices employed in electrophotography.1,2

Very highly sensitive pigments with quantum efficiencies
close to unity have been developed. Charge transport mol-
ecules with trap-free transport and with adequate stabil-
ity and mobility for most current applications have been
identified. Considerable progress has been made on the
scientific side in some areas of device operation.

The operation of the device involves absorption of pho-
tons, photogeneration of free carriers, and injection of the
free holes from the generator layer into the transport layer,
followed by charge transport of the injected holes through
the transport layer. Processes prior to the photogeneration
step have been elucidated in many pigments.3,4 Very little
work has been devoted to understanding the charge injec-
tion  from the generator layer into the transport layer. The
bulk of the scientific effort has been to explain the many
unique features of charge transport in disordered systems,
such as those employed as charge transport layers.2

An area of scientific enquiry that has received less atten-
tion and yet is of considerable importance in digital elec-

The nature of the electrophotographic image when dual-layer or-
ganic photoconductors are exposed to digital input is different than
that of images obtained with analog input on account of several
considerations: (1) reciprocity, (2) space-charge-limited discharge,
(3) optical interference effects, and many others. Reciprocity and
space-charge-limited conditions result from short exposure times.
Reciprocity refers to the change in the efficiency of the supply of
carriers from the generator layer into the transport layer. Although,
on the basis of theoretical considerations, there could be either an
increase or a decrease of supply efficiency, most published results
show a reduction in sensitivity. This reduction has been ascribed
to Langevin recombination effects. In the limit of space-charge-
limited discharge, there is considerable lateral motion of the charge
carriers (due to their mutual Coulomb repulsion) during their tran-
sit through the transport layer, resulting in loss of resolution, which
can also occur in analog exposure through electric field distortion
during exposure. Coherent light interference leads to a print pat-
tern in the background.
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trophotography is the behavior of the photoconductors when
exposed to very short, intense flashes of light.
Photoconductor characterizations are generally carried out
in an analog mode, in which light exposure is carried out
through a mechanical shutter with exposure times of tens
of milliseconds. In digital electrophotography, assuming
300- × 300-dpi resolution in an 8.5- × 11-in. copy, the laser
exposure time is about 20 ns. A typical photon flux required
to discharge a photoconductor is 1012 photons/cm2. There-
fore, the photon intensities are, respectively, 1014 photons/
cm2-s and 1020 photons/cm2-s in scanners employed to char-
acterize photoconductors and in digital electrophotography.
Assuming that in digital electrophotography the carriers
are produced “instantly” and further assuming a generator
layer of 1-µm thickness, the carrier densities can be as high
as 1023 photons/cm3-s in. digital applications.

Short exposure times and large carrier densities could
result in two phenomena that would alter the supply effi-
ciency, one that would increase the sensitivity and one that
would decrease the sensitivity.5 In most layered devices,
the photogeneration step is field-dependent when charac-
terized in scanners containing exposure light sources of
milliseconds duration; a laser flash of short duration should
therefore result in all carrier production at the initial field
and thus in increased sensitivity. The second phenomenon
resulting from the presence of high carrier densities is the
increased recombination rate, resulting  in  a loss of sensi-
tivity. The increase or decrease of sensitivity also involves
drastic change in the shape of the photo-induced discharge
characteristic  (PIDC) curve. A third phenomenon that re-
sults from laser flash exposure is the space-charge-limited
transport during the hole transit through the transport
layer. The charge pattern expands because of mutual Cou-
lomb repulsion, resulting in growth of the charge pattern
that gives rise to a loss of resolution in the latent image.6–8

In this study several of these consequences of photo-
conductor behavior when exposed to high intensity laser
exposure of short duration are reviewed.

Low Light Intensity Reciprocity Failure
The supply efficiency of a layered organic photoconductor

is defined as the number of carriers injected into the trans-
port layer per absorbed photon. The supply efficiency is
generally electric-field-dependent, and the shape of the
PIDC curve reflects this field dependence. The supply
efficiency is the product of photogeneration efficiency and
injection efficiency. Generally, both photogeneration and
injection efficiencies are electric-field-dependent. The elec-
tric-field dependencies of these efficiencies are measured
under small signal conditions or in a scanner employing
low-intensity light exposures. It would appear then that
if the light duration and the times associated with
photogeneration processes are short compared with times
associated with injection processes, all carriers would be
photogenerated at the initial field E0, even under large
    327
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signal conditions. Therefore, if the PIDC curve were mea-
sured with laser exposure of short duration (and by vary-
ing the light flux), photogeneration efficiency would be
field-independent and the absolute value of the efficiency
would be equal to the value measured at E0 with light ex-
posures of longer duration. In the absence of any injection
and recombination issues, the PIDC curve is a straight line
with a constant slope. There has not been any published
literature showing that the increase in efficiency due to this
mechanism has been unambiguously observed. In the pub-
lished data,5,9,10 this phenomenon of high field generation
has been accompanied, and therefore masked by, a loss
mechanism due to carrier recombination described in the
next section. The analysis described here suggests that in
devices employing extrinsic pigments one should be able to
observe the high field generation in the absence of the re-
combination described in the next section.

High Light Intensity Reciprocity Failure
Two instances of reciprocity failure at high intensity have

been reported in the literature. One is with an aggregate
organic photoconductor (Fig. 1),5 and the second one is with
the charge transfer complex of poly-N-vinyl carbazole (PVK)
and trinitrofluorenone (TNF) (Fig. 2).9 In both these cases
the reciprocity failure has been ascribed to Langevin re-
combination.11–13 Before commenting on the validity of the
application of Langevin recombination, a simple picture  and
a mathematical expression are described.
2

Figure 1. PIDC of an aggregate photoconductor when charged to
a positive potential of 500 V and exposed to light of 680-nm wave-
length. Loss of efficiency is observed when the photoconductor is
exposed to a high-intensity flash. (From Ref. 5.)
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Figure 2. Absolute number of coulombs collected as a function of
initial concentration in PVK:TNF film of 18-µm thickness and
exposed to a radiation of 693.4-nm wavelength. The applied field
is 1.1 × 105 V/cm. (From Ref. 9.)
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Langevin Recombination. Langevin theory deals with
recombination under a diffusion-controlled process and
was  originally proposed for the recombination of gaseous
ions. Langevin recombination is a free-carrier recombina-
tion, as opposed to geminate recombination, which is the
recombination between a hole and an electron produced
by the same photon. The theory is based on the assump-
tion that the carrier mean free path is small compared
with a critical recombination radius rc. The term rc is de-
fined as that distance at which the potential energy of the
hole is equal to its kinetic energy kT. The term rc is ob-
tained from e2/4πεrc = 3/2kT, where ε is the permittivity.
SI units are employed. Once the hole is trapped in the
Coulomb field of an electron, it will lose sufficient energy
by phonon interactions to make recombination highly prob-
able. Langevin recombination has been used to explain
data in a variety of materials, and the following nomen-
clature closely follows that given by Hughes to explain
recombination data in PVK:TNF.9
The predicted recombination coefficient, γ, depends on
the relative drift velocities of electrons and holes in the
Coulomb field and is given by

    γ µ µ ε= +e e h( ) / , (1)

where µe and µh are electron and hole drift mobilities,
respectively. If carriers of both signs are generated uni-
formly in space by a light flash, the two drift in opposite
directions under the influence of an applied electric field
in a photo-generation region of thickness d and volume
ν0. If the applied collection field can be considered to be a
constant (which is not the case in commercial electro-
photography), then the hole and electron carrier distri-
bution will be swept apart at a rate

dx

dt
= (µe + µh )E , (2)

where E  is the electric field.
The volume vr in which the recombination can occur

decreases with time in a plane parallel geometry,

vr = v0 (1 − µEt / d), (3)

where µ = (µe + µh). Under the assumption that the collec-
tion field is constant, the electron and hole distributions
are separated after a time t0 = d/µE, at which point recom-
bination ceases.

In the overlap region, recombination proceeds at a rate
determined by

    

dn
dt

n= −γ 2 , (4)

where n is the concentration of holes and electrons in
the recombination volume. In the absence of an applied
field, the concentration of carriers would decrease with
time as

    
n

n

n t
gen

gen

=
+( )1 γ

, (5)

where ngen is the number of charges at t = 0, i.e., the num-
ber of charges generated by the flash exposure.
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The total number lost through recombination is given
by

    
N n t dtr

t

= ∫ γ υ2

0

0

( ) , (6)

where t0, defined earlier,  is the time at which recombi-
nation ceases.

From Eqs. 2 through 6,  the fraction that escapes re-
combination is given by

    

n
n

E
n d

n d

Egen gen

gen= +






µ
γ

γ
µ

ln .1 (7)

Equation 7, first derived by Kepler and Coppage12 and
extended by Hughes,9 can be rewritten in a form more suit-
able for xerographic applications. Using Eq. 1, we see that

    

µ
γ

εE
n d

E
n edgen gen

= . (8)

In a xerographic experiment however, εE  is just the ini-
tial charge density on the photoconductor surface, Q0, and
engend is just the areal charge density generated by the flash,
which we will denote by Qgen. Thus, defining the ratio

f = Qgen / Q0 , (9)

we can rewrite Eq. 7 as

n

ngen

= 1
f

ln(1 + f ). (10)

Physically, f is just the fraction of the initial surface
charge density Q0 that is generated by the flash exposure.

As pointed out at the outset of the derivation, Eq. 7,
and hence Eq. 10, we assume that the electric field re-
sponsible for sweeping out the charges from the bulk of
the photoconductor is independent of space and time. In
the xerographic mode this assumption breaks down as Qgen

begins to become comparable with or to exceed Q0, i.e.,
when the number of generated charges is of the order of,
or greater than, “a CV’s worth” of charge (where C is the
capacitance per unit area). Thus, as noted by Chen,14 these
formulas are correct only in the case of emission-limited
discharge. To correctly describe the space-charge-limited
case as well, the derivation must be modified to include
the effects of the reduction in the field in the recombina-
tion region due to the screening of the surface charges by
the charges that have been swept out of the recombina-
tion zone. We give below a simplified version of the deri-
vations of Fox13 and Chen14 that highlights the differences
from the results of Refs. 9 and 12.

The derivation is greatly simplified by the critical ob-
servation by Fox13 that during the time the charge distri-
butions are recombining and separating there is no net
charge in the recombination volume. For this reason the
electric field in the recombination region is constant in
space, though it decays with time as the generated charges
that have left the recombination region screen the applied
field according to

ε dE

dt
= −µnE . (11)
Photoconductor Implications in Digital Electrophotography
Equation 11 is the usual “open circuit” Maxwell equa-
tion: The right-hand side is the total conduction current
leaving the recombination volume, and the left-hand side
is the displacement current within the volume. Using Eq.
5 in Eq. 11 we obtain

E(t) = E0

(1 + γngent) (12)

within the recombination volume. If x(t) is the thickness
of the volume at time t, the rate at which the volume
shrinks is given by

dx / dt = −µE . (13)

Using Eq. 12 in Eq. 13 we get

    
x t d

n t

f
gen( )

ln( )
= −

+







1

1 γ
. (14)

The time when the recombination ends, t0, is then given
by x(t0) = 0, i.e.,

    t e nf
gen0 1= −( ) / γ . (15)

The number lost to recombination per unit area is given,
in analogy to Eq. 6, by

    
Q n x t dtR

t

= ∫ ( ) ( )γ 2

0

0

. (16)

Inserting Eqs. 5 and 14 into Eq. 16, we obtain

QR = Qgen 1 − 1 − e− f

f





 . (17)

Thus, the fraction that escapes recombination and con-
tributes to the discharge, Qgen – QR, can be written, in anal-
ogy to Eq. 7, as

n / ngen = 1 − QR / Qgen = (1 − e− f ) / f . (18)

Alternatively, we can write

QD = Q0 (1 − e− f ) , (19)

where QD is the charge per unit area that goes to discharge
the photoconductor.

In writing down the PIDCs, we assume that all of the
charges that escape recombination neutralize the corre-
sponding surface charges, which is true if the charges have
sufficient time to transit the sample. In a practical mea-
surement, the surface voltage of the photoconductor is mea-
sured after a finite time, and charges may still be in transit
in the bulk of the sample at this time. Because the dis-
charge is not complete, deviations from the expressions
given below for the PIDCs may be observed. This transit
time limitation manifests itself as an additional slowing
down of the PIDC, and it must be accounted for if the mea-
surements are to be used to study the effects of reciproc-
ity failure due to Langevin recombination.15

We are now in a position to express the PIDC for
photoconductors subjected to very short flash exposures
in which Langevin recombination occurs. From Eq. 19 we
see that the charge on the photoconductor surface will be
Vol. 40, No. 4, July/August 1996     329
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reduced from the initial value of Q0 to Q0 – QD = Q0 e–f, and
hence the final voltage will be

V = V0e− f = V0e
−(Qgen /Q0 ) . (20)

If all the charges are generated at the initial field, we
can write the PIDC as

V(X) = V0e−(eη0 X /Q0 ) , (21)

where X is the exposure in photons/unit area and η0 is the
generation efficiency at the initial field. The exponential
PIDC in Eq. 21 is characteristic of high field generation
followed by Langevin recombination, and it is universal
in the sense that it is valid for all materials in which these
experimental conditions can be achieved. For the purposes
of illustrating the effects of Langevin recombination on
the PIDC, we have assumed that there are no field-depen-
dent charge injection issues—an assumption that may not
be true in layered photoconductors. The supply efficiency
ηsup (E), which determines the shape of the PIDC curve, is
the product of the photogeneration efficiency, ηgen (E), and
the injection efficiency from the generator layer into the
transport layer, ηinj (E). The high field photogeneration and
Langevin recombination issues discussed here affect only ηgen

(E). The universality of the shape of the PIDC curve (Eq.
21) in the presence of high field photogeneration followed
by Langevin recombination is applicable if ηinj (E) = 1. In
general, ηinj (E) is less than unity and is dependent on elec-
tric field and device material composition.  Therefore, the
actual PIDC shape in the presence of high field
photogeneration followed by Langevin recombination is
slower than that predicted by Eq. 21. We make the same
assumption, i.e., ηinj (E) = 1, when we compare the
Langevin PIDC to those obtained using low-intensity ex-
posures. If we use Hughes’ expression for the fraction of
carriers that escape recombination (Eq. 10), we obtain

    
V X

V e X Q X e Q e

X e Q eH ( )
ln( / ) ( ) /

( ) /
=

− +[ ] ≤ −
> −





0 0 0 0 0

0 0

1 1 1

0 1

η η
η

 for 

for     
(22)

for the PIDC where we have used the high field genera-
tion value for f, f = Qgen/Q0 = eη0X. Note that if the gener-
ated charge exceeds the critical value (e – 1)Q0 ~ 1.78 Q0,
the photoconductor will discharge completely. This is not
the case when Fox’s expression Eq. 20 is used.

In the emission-limited case the PIDC is defined by

dV / dX = −(e / C)η(V ) , (23)

where C is the capacitance per unit area of the device and
η(V) is the field-dependent supply efficiency expressed in
terms of the surface potential of the device. Knowledge of
this quantity allows us to integrate Eq. 23 and obtain the
PIDC. Two special cases of interest to us are when η(V) is:
(1) field-independent and (2) linearly dependent on field.
However, it is more instructive to consider first the gen-
eral case where η(V) is a power law:

η(V ) = η0 (V / V0 )p . (24)

In this case the PIDC is given by

    

V X V
e p X

Q
p

e p

p

e X Q
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(25)
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Figure 3. Calculated PIDC curves versus experimental results
for a Kodak Ektavolt recording film SO-102. The light is absorbed
in the bulk of the film and only holes are mobile.  Low-intensity
exposure data are shown by solid circles, and open circles are for
high-intensity laser flash exposures. Reciprocity is observed. The
solid line represents the fit for the experimental data points. The
dotted line and the dashed line are the calculated PIDCs for
emission-limited and flash exposure cases, respectively, in the
absence of recombination for a bulk absorption system with only
one mobile charge species. (From Ref. 10.)
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For p = 0 the supply efficiency is field-independent (see
Fig. 4), and the PIDC is a straight line, as shown in Fig. 5.
For p = 1, the field-dependence is linear and the PIDC is
exponential in the exposure, X. Note that for the case of
linear field dependence the emission-limited PIDC is ex-
actly the same as in Eq. 21, even though Eq. 21 results
from high-intensity flash exposure followed by Langevin
recombination, whereas the expression in Eq. 25 arises from
linear field dependence and the absence of recombination
in an emission-limited situation. Thus those special sys-
tems in which the field dependence of the supply efficiency
is linear with the field and in which carriers can undergo
Langevin recombination at high densities can be expected
to display reciprocity. This effect has been demonstrated
by Buettner and Mey10 for the Kodak Ektavolt recording
film SO-102 (Fig. 3), which satisfies these conditions. Note
also that when p < 1, the photoconductor is completely
discharged at a finite exposure given by

    X Q e p ptot = − <0 0 1 1/ ( ),η           for . (26)

For the purposes of comparing the PIDCs resulting from
high- and low-intensity exposures, one may, following Eq.
23, define an effective supply efficiency for flash exposures
followed by Langevin recombination as

    ηL V C e dV dX( ) ( / ) /= − , (27)

where V(X) can be either the PIDC given by Fox and Chen,
namely Eq. 21, or that derived from Hughes’ expressions,
i.e. Eq. 22. Thus we get the effective supply efficiency for
high-intensity flash exposures

    
η ηL V VV

V V

e
( )

/
./=





−0
0
10

              Fox and Chen 

            Hughes                         
  (28)

The effective supply efficiency (or yield) given in Eq. 28
is due to the recombination losses, and we will interpret it
as a sensitivity loss.

The sensitivity loss as a result of Langevin recombina-
tion, ηL(V), is plotted in Fig. 4 for an imaginary photocon-
ductor. The abscissa is the normalized potential V/V0

(with Point 1 corresponding to the initial potential and 0
Jeyadev and Pai



corresponding to total discharge), and the ordinate is the
normalized supply efficiency η(V)/η0. The dashed curve
assumes field-independent photogeneration (injection is
also assumed to be independent of field), as measured
under emission-limited conditions, and represents the p
= 0 case of Eq. 24. The solid line represents both linear
field dependence (p = 1) under emission-limited condi-
tion and  the Fox–Chen result for high field
photogeneration followed by Langevin recombination.
The dot–dash curve represents quadratic field depen-
dence (p = 2) under emission-limited conditions. The dot-
ted line represents Hughes’ analysis of high field
photogeneration followed by Langevin recombination (Eq.
28). In a previous publication,16 an error had been made
in calculating this efficiency. Hughes’ expressions are not
valid for our analysis, as Qgen is usually greater than Q0

(i.e., f > 1) for digital xerography, which is our object of
interest. However, we display Hughes’ results for com-
parison with those of Fox and Chen, as well as with the
emission-limited case. Note, in particular,  the discrep-
ancy between the supply efficiencies of the two Langevin
recombination models (Eq. 28), even though the differ-
ence in the fraction of the generated charge that survives
recombination is small for f << 1.
Figure 4. The supply efficiencies assuming ηinj(E) = 1, for some
imaginary photoconductors. The abscissa is the normalized po-
tential V/V0, and the ordinate is the normalized supply efficiency
η(V)/η0: (1) The dashed line corresponds to a photoconductor that
has a supply efficiency of unity in the emission-limited situation
(and is independent of electric field); (2) the dotted line corre-
sponds to a photoconductor  exposed to a flash of short duration
and high field photogeneration, followed by Langevin recombi-
nation analysis as carried out by Hughes (Ref. 9). This analysis
is independent of the field dependence of supply efficiency in the
emission-limited case (the high field photogeneration results in
a supply efficiency shown by the dashed line); (3) the solid line
corresponds to a photoconductor with supply efficiency that in-
creases linearly with field in the emission-limited case. It also
represents all photoconductors with high field photogeneration
followed by Langevin recombination analysis carried out by Fox
(Ref. 13) and Chen (Ref. 14); and (4) the dot–dash curve repre-
sents a supply efficiency with a quadratic field dependence un-
der emission-limited conditions.
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Figure 5. The PIDCs corresponding to supply efficiencies of Fig.
4. The solid line, p = 1, is a universal (for low-intensity, emission-
limited, as well as high-intensity  flash with high field genera-
tion) PIDC curve for all photoconductors with high field
photogeneration followed by Langevin recombination (Eq. 21).
The dashed and dot–dash lines, p = 0 and p = 2, respectively,
represent emission-limited cases.  The dotted line represents the
high-intensity  case as analyzed by Hughes (Eq. 22).

1.0

0.8

0.6

0.4

0.2

0.0
0 2 4

Exposure

p = 2

p = 0
p = 1; Fox

Hughes

N
or

m
al

iz
ed

 V
ol

ta
ge

: V
/V

0

The PIDC curves corresponding to the supply efficien-
cies in Fig. 4 are plotted in Fig. 5. The straight-line PIDC,
given by Eq. 25 with p = 0, corresponds to the dashed
line of Fig. 4. The solid curve is the emission-limited PIDC
with linear field dependence (p = 1 in the case of Eq. 25)
and the Fox–Chen PIDC with high field generation fol-
lowed by Langevin recombination as given in Eq. 21. The
p = 2 emission-limited case is shown by the dot–dash line.
Also shown is Hughes’ PIDC given by Eq. 22. Thus if one
goes from the small-signal, emission-limited experiment
to a high-intensity flash exposure one should see a dra-
matic change in the PIDC curve shape if the latter ex-
periment is correctly described by the Langevin
recombination model, with the p = 1 case being an excep-
tion. As seen from Fig. 5, if p < 1 (field dependence is
sublinear), the PIDC is severely slowed down on going
from emission-limited to laser exposures. On the other
hand, if p > 1 (field dependence is superlinear), the PIDC
is speeded up on going from the small signal to flash ex-
posures. Because the Langevin model gives a universal
PIDC, valid for all photoconductors where the above cri-
teria hold, this reciprocity failure can be used as a tool to
test whether Langevin recombination is indeed occurring
after flash exposure. This is true even in the case of p =
1, except that in this case the occurrence of Langevin
recombination is signaled by the absence of reciprocity
failure.

The discussion thus far did not consider whether the
assumptions underlying Langevin recombination are valid
in many of the photoconductors employed in electropho-
tography. Langevin recombination is certainly not appli-
cable in photoconductors employing extrinsic pigments.
Extrinsic pigments are those in which excitons migrate to
the pigment surface, where an electron transfer from the
transport molecule results in hole generation and injec-
tion. In these systems holes and electrons exist in differ-
ent media and do not drift past each other. It is not clear
whether the assumption underlying Langevin recombina-
tion is valid even in the case of intrinsic pigments, in which
electrons and holes do drift past each other within pig-
ment particles. One of the requirements is that the mean
free path be much smaller than rc. For a material of di-
electric constant 4.2, rc is approximately 130 Å.  In the
crystalline pigments employed in electrophotography, the
mean free path may be comparable to or larger than rc.
Thomson recombination may be more appropriate in these
cases.17 The Thomson recombination model applies to di-
lute systems in which the mean free path between colli-
sions is much larger than the size of the particles (diameter
Vol. 40, No. 4, July/August 1996     331
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of cross section).  In contrast, the Langevin recombination
applies to dense systems in which the number of collisions
experienced while diffusing through a length correspond-
ing to a Coulomb radius is large.

Lateral Spread of Raster Output Scanner (ROS)
Generated Charge Pattern

Another consequence of exposure to a high-intensity
laser beam results from space-charge-limited transport.7,8

With analog systems employing low-intensity exposure,
the exposure time can be much larger than the transit
times across the transport layer. The charge carriers in
transit in the transport layer at any time provide a small
fraction of the charge on the surface of the photoconductor.
In digital electrophotography, on the other hand, the en-
tire packet of charge corresponding to a pixel is created in
a much shorter time than the transit times. With hole mo-
bilities in the range of 10–6 and 10–5 cm2/V-s, the transit
time across a photoconductor of 25-µm thickness is in the
range of milliseconds to tens of milliseconds. These times
are much longer than the exposure times of tens of nano-
seconds. The packet of charge while in transit spreads in
both the direction of motion and the lateral direction. In
the direction of the applied electric field, the spread re-
sults from two causes: (1)  the leading and trailing fronts
of the packet see different fields and hence travel at dif-
ferent speeds15 (which occurs even if the initial distribu-
tion is infinitely thin)15 and (2) the well-known charge
spreading due to dispersive transport observed in  all or-
ganic disordered systems. The dispersion in the lateral
direction is mainly due to Coulomb repulsion, and it is
this spread that results in resolution loss.
32     Journal of Imaging Science and Technology
Figure 6 shows the nature and extent of this lateral
spread resulting from a 1-D Gaussian charge pattern in-
jected into the photoconductor. The pixel size S is 1/e2 width
of the Gaussian packet and L is the thickness of the
photoconductor. The dotted curve in Fig. 6 represents the
case in which carriers move without any lateral disper-
sion, and it therefore represents an idealized case7 in which
the final discharged surface charge profile is the same as
that of the injected profile. Figure 6 also shows the shape
of the surface charge distribution for four values of S/L.
The charge pattern spread increases as the pixel size de-
creases or the photoconductor thickness increases, and the
final surface charge density is not exactly Gaussian, i.e.,
the electrostatic image profile is not identical to the opti-
cal profile. For typical values of the pixel and photorecep-
tor thicknesses, this spread can result in as much as a 20
to 40% increase in the pixel width. The distortion of the
optical profile can affect the image quality in high-quality
digital color xerography.
Figure 6. Surface charge pattern resulting from exposure of a
photoconductor of thickness L to a 1-D Gaussian charge pattern
of width S. The dotted curve is the idealized case without any
lateral charge spread. The spread in the charge pattern is shown
for four values of S/L. X/S is the distance from the center of the
Gaussian as a fraction of S. ( From Ref. 7.)
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An attempt has been made to verify this phenomenon
experimentally by employing a high-resolution probe.18

Figure 7 shows the charge profile at the edge of an ex-
posed region where there was a very abrupt edge between
the exposed (right side) and the unexposed regions. The
authors ascribe a significant portion of this spread to lat-
eral spreading due to Coulomb repulsion effects. Lateral
charge drift has also been measured with split electrodes.19
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Figure 7. A typical charge profile at the edge of an exposed re-
gion of a photoconductor. (From Ref. 18.)
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In Ref. 7, the distortion of the optical image profile is
entirely due to the differential spreading of the packet
while in transit. Recent work8 that includes the genera-
tion of the charge via a PIDC curve shows that the charge
generation step in itself produces considerable distortion
of the optical image. Whenever the PIDC curve is not a
straight line (due to a field-dependent supply efficiency,
Langevin recombination, or other effects), the discharge
is not proportional to exposure (see Fig. 5).  Thus, in prac-
tical photoconductors, twice the amount of light produces
less than twice as much discharge. As a result of this
nonlinearity, the generated charge profile is not simply
proportional to the exposure profile. The simulations de-
scribed in Ref. 8 quantify these qualitative arguments and
show that the field dependence of the supply efficiency
alone can cause considerable distortion in the electrostatic
image profile vis-a-vis the optical exposure profile. Thus
the shape of the PIDC curve is an important factor, even
in digital electrophotography.
Jeyadev and Pai



Conclusions
We have discussed two of the myriad effects when an

image is created by sequentially exposing a charged
photoconductor to a light beam of high intensity and short
duration. The first effect deals with increase or decrease
of supply efficiency (reciprocity). The second effect deals
with the size and shape dilation and distortion  of the
optical image due to the nature of the creation and trans-
port of a packet of charge. As regards reciprocity, it ap-
pears that if the carriers are created at high field followed
by recombination, as per the theory of Langevin recom-
bination, all photoconductors should have a universal
PIDC curve shape in the absence of any further loss due
to injection from the generator layer into the transport
layer. This universal shape is one in which the potential
goes down exponentially with the photon flux, equiva-
lent to that observed for a photoconductor with a linear
field dependence of supply efficiency and operated under
emission-limited conditions. Photoconductors with sup-
ply efficiency electric field dependence  less than one in
the emission-limited case will become less sensitive un-
der digital exposure conditions. Photoconductors with
supply emission electric field dependence steeper than
linear in the emission-limited case will become more sen-
sitive under digital exposure conditions. The assumptions
underlying the derivation of the Langevin recombination
may not be valid for the crystalline pigments employed
in the layered organic photoconductors. Even otherwise,
Langevin recombination may not exist in devices employ-
ing extrinsic pigments in which the electrons and holes
exist in different media. Should such devices show an
increase in efficiency in digital mode due to high field
photogeneration effects? Taking for granted that the as-
sumptions for Langevin recombination are valid for hydro-
genated amorphous silicon (which has a field-independent
supply efficiency under emission limited conditions20),
should one observe an exponential discharge shape in the
digital mode?

Acknowledgments. The authors wish to acknowledge
the many discussions with Dr. Yuri Garstein of  Xerox
Corporation.
Photoconductor Implications in Digital Electrophotography
References
1. D. M. Pai and B. E. Springett, Physics of electrophotography, Rev.

Modern Physics 65: 163–211, 1993.
2. P. M. Borsenberger and D. S. Weiss, Organic Photoreceptors for Imag-

ing Systems, Marcel Dekker, New York, 1993.
3. Z. Popovic, Carrier generation mechanisms in organic photore-

ceptors, Proceedings of IS&T’s 9th International Congress on Ad-
vances in Non-Impact Printing Technologies/Japan Hardcopy, IS&T
and SEPJ, 1993, pp. 591–595.

4. M. Umeda, Extrinsic photocarrier generation mechanisms in layered
organic photoreceptors, Proceedings of IS&T’s 10th International Con-
gress on Advances in Non-Impact Printing Technologies, 1994, pp. 239–243.

5. W. Mey et al., Bimolecular recombination in aggregate organic
photoconductors, J. Appl. Phys. 50: 8090–8094 (1979).

6. E. M. Williams, The Physics and Technology of Xerographic Processes,
Wiley, New York, 1984, pp. 30–37.

7. I. Chen, Optimization of photoreceptors for digital electrophotography,
J. Imaging Sci. 34 (1): 15–20 (1990).

8. S. Maitra, P. Ramesh, and S. Jeyadev, to be published in Proc. SPIE
2658.

9. R. C. Hughes, Bulk recombination of charge carriers in polymer films:
PVK complexed with TNF,  J. Chem. Phys. 58: 2212-2219 (1973).

10. A. V. Buettner and W. Mey, Bimolecular recombination and reciprocity
in p-type electrophotographic films, Photogr. Sci. Eng. 26: 80–83 (1982).

11. P. Langevin, Recombinaison et mobilites des ions dans les gaz, Ann.
Chim. Phys. 433–530 (1903).

12. R. G. Kepler and F. N. Coppage, Generation and recombination of hole
and electrons in anthracene, Phys. Rev. 151: 610–614 (1966).

13. S J. Fox, Status of modeling of the electrophotographic decay process
in PVK-TNF systems, in Second International Conference on Electro-
photography, D. R. White, Ed., Society of Photographic Scientists and
Engineers, New York, pp. 170–176 (1974).

14. I. Chen, Effects of bimolecular recombination on photocurrent and pho-
toinduced discharge, J. Appl. Phys. 49(3): 1162–1172 (1978).

15. I. P. Batra, K. K. Kanazawa, B. H. Schechtman, and H. Seki, Charge-
carrier dynamics following pulsed photoinjection, J. Appl. Phys. 42:
1124–1130 (1971).

16. D. M. Pai, Photoconductor considerations in digital electrophoto-
graphy, Proceedings of IS&T’s 11th International Congress on Advances
in Non-Impact Printing Technologies, 1995, pp. 46–50.

17. R. Morris and M. Silver, Direct electron–hole recombination in anthracene,
J. Chem. Phys. 50(7): 2969–2973 (1969).

18. E. J. Yarmachuk and G. E. Keefe, High resolution surface charge mea-
surements on an organic photoconductor, J. Appl. Phys. 66(11): 5435–
5439 (1969).

19. E. I. Walker, A. P. Marchetti, and R. H. Young, Lateral charge drift ob-
served with split electrodes: Off-diagonal mobility components and lat-
eral spread of space charge in anthracene, J. Chem. Phys. 68(9):
4134-4137 (1978).

20. D. M. Pai, The physics of a-Si:H photoreceptors, Proceedings of IS&T’s
4th International Congress on Advances in Non-Impact Printing Tech-
nologies, 1988, pp. 20–25.
Vol. 40, No. 4, July/August 1996     333


	Photoconductor Implications in Digital Electrophotography*
	S. Jeyadev † and Damodar M. Pai
	Introduction
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Conclusions
	Acknowledgments.
	References

