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bstract. A new model of charge generation process in the single
ayer organic photoconductor (OPC) was proposed where the
harge generation took place at the surface of the photoconductive

ayer after phonon diffusion from within the photoexcited bulk pho-
oconductive layer. The degradation of the edge sharpness of the
lectrostatic latent image was simulated theoretically according to

his model and the parameters that dominated the resolution degra-
ation in the single layer OPC due to the energy diffusion were
etermined. The analytical result suggested the model of edge deg-
adation in this system depended strongly on the phonon diffusion
ength. Accordingly, an experimental analysis was performed that
xplained the dependence of diffusion length on the photoreceptor

ormulation. The experimental result showed the validity of the prin-
iple in the proposed model for all OPC formulations tested, and the
xistence of a significant dependence of diffusion length on the
GM concentration in the photosensitive layer. The obtained results
umerically showed the superiority in resolution of the single layer
PC compared with those of the conventional dual layer OPC, sug-
esting the possibility of true 2400 dpi imaging. The results provided
guideline for realizing higher resolution imaging via the single layer
PC formulation. © 2006 Society for Imaging Science and
echnology. �DOI: 10.2352/J.ImagingSci.Technol.�2006�50:6�503��

NTRODUCTION
ne of the major trends in the recent electrophotographic

pparati, such as laser beam printers (LBPs), must be high
esolution imaging,1 having advanced from the 240 or
00 dpi resolution levels of the early generation LBP to the
urrent main stream of values of around 600 dpi. Besides,
very company in this commercial area is aggressively pur-
uing the development of true 1200 dpi or higher
esolution.2 However, with the increase of the mechanical
esolution in the apparatus, more attention is being devoted
o the problem of the electrostatic latent image degradation
n the organic photoconductor (OPC) surface due to the
arrier diffusion. In the case of conventional dual layer OPC,
he latent image is formed after the holes that are generated
t the charge generation layer migrate through the thick
harge transport layer (CTL) and neutralize the negative sur-
ace charges. Therefore, the resolution of latent image may
ecome degraded because of the lateral migration of carriers
ue to the Coulomb repulsion of charges in the carrier cloud
nd lateral attraction by surface charges.3,4

eceived Dec. 23, 2005; accepted for publication Apr. 21, 2006.
p062-3701/2006/50�6�/503/6/$20.00.
Single layer OPC is advantageous in this regard because
f shorter distance between the charge generation site and
he surface charge to degrade the electrostatic latent image.5,6

his viewpoint is based on the conventional hypothesis that
harge generation occurs at the photoexcited CGM pigments
hat are mostly located in a region close to the surface and
ased on distribution of light absorption in the layer. In this
ase, the short migration distance of electrons from the ex-
ited CGM particles in the layer to the positive surface
harges determines image degradation, like a positively
harging single layer OPC construction consisting of CGM
articles dispersed in CTM/polymer matrix is employed.

As we discussed in the previous paper,7 we propose a
ifferent process of charge generation in single layer OPC,
here the energy of incident light absorbed in the bulk layer
ropagates to the charge generation site at different locations
nd charge generation occurs near the surface of the OPC.
ccording to this assumption, even the unexposed area of

he surface would inevitably receive the influence of energy
ropagation from bulk, and the electrostatic latent image on

he surface would be degraded to a certain extent, even
hough such energy propagation may be electrically neutral
nd not affected by the electric field. It is necessary to review
he degradation mechanism of latent image according to this

odel and to correctly estimate the underlying factors of
mage degradation to identify a formulation to obtain high
esolution, making this basic concept quite different from
he model describing image resolution conventional OPC.

This paper will first discuss the mechanism of edge deg-
adation of latent image in single layer OPC using a theo-
etical analysis based on the assumed model, prove the im-
ortant role of phonon diffusion length in the resolution,
nd then clarify the compositional dependence of phonon
iffusion length by analyzing experimental results on spec-
ral sensitivities of various formulations. Finally, a discussion
s presented on formulation optimization to obtain a high
esolution, single layer OPC and the resolution limit by the
tructural potential of single layer OPC.

HEORY OF IMAGE DEGRADATION
simplified light exposure model is proposed to describe

heoretical image degradation process. As a first approxima-
ion, the energy distribution of incident light is assumed to

roduce a square shape on the surface of OPC layer and that
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he light penetrates the layer orthogonal to the layer surface
ithout scattering. The boundary point of light exposure is

t the surface position z=0 on the layer, where light energy
=0 when z�0, and E=E0 when z�0, as illustrated in Fig.
(a).

The phonon number at any surface position, z, trans-
erred from the bulk layer can be determined utilizing the
ame energy transfer mechanism proposed in the previous
aper.7 The phonon number at any place on the surface, due

o the exposure by a small beam of incident light, is deter-
ined by Eq. (1)

n�a� = �
0

l

A exp�− �x�exp�−
�x2 + a2

L
�dx , �1�

here the parameter, a, denotes the distance of the sur-
ace position from the incident position, depth position, x,
he distance from the surface into the bulk layer, the pho-
on diffusion length L, absorption coefficient �, and a
onstant A.

For simplicity, �x2 +a2 is replaced by x+a. The integral
n Eq. (1) can be resolved using inversed diffusion length �
s follows:

igure 1. �a� Schematic illustration of light energy distribution at OPC
urface, �b� illustration of edge degradation of latent image: �a� ideal
otential profile, �b� degraded potential profile according to Eqs. �5� and
6�, �c� dark potential, �d� light potential, �e� contrast potential, �f� prac-
ical contrast potential, and �g� edge width.
d

04
n�a� � �
0

l

A exp�− �x�exp�− ��x + a�	dx

= �
0

l

A exp�− �a�exp�− �� + ��x	dx

=
A

� + �
exp�− �a�
1 − exp�− �� + ��l	�

�
A

� + �
exp�− �a� . �2�

hen z�0 in the case of Fig. 1(a), the total phonon num-
er N�z� at the position, z, is obtained by the integration

N�z� = �
z

�

n�a�da =
A

�� + ���
exp�− �z� . �3�

n the other hand, when z�0, it will be as follows:

N�z� = �
0

�

n�a�da + �
z

0

n�− a�da =
A

�� + ���
�2 − exp��z�	 .

�4�

Figure 1(b) illustrates the potential profile at the image
dge using the above equations, where the surface potential
t each area can be determined from Eqs. (3) and (4) as
ollows, assuming that the discharge of surface charge is sim-
ly proportional to phonon number N�z�

V�z� = V0 −
V0 − VR

2
exp�− �z� �5�

hen z�0, and

V�z� = VR +
V0 − VR

2
exp��z� �6�

hen z�0.
In Fig. 1(b), undisturbed ideal potential profile (a) has a

quare edge reflecting the light power distribution model on
he surface. Actual potential profile (b) receives the influence
f energy diffusion and has some slope in accordance with
qs. (5) and (6) disturbing edge distinctness. Here, the reso-

ution is defined as the edge width (g) which can hold the
ractical potential (f) to a predefined ratio with the maxi-
um contrast potential (e). It must be noted that the reso-

ution is determined only by the combination of surface
ositive charges and the generated negative charges, so the
sual parameters like carrier mobility and layer thickness,
hich affect the resolution in the dual layer OPC, may not

ake part in determining the resolution of supposed model,
ecause the generated electron combines with the surface
harge almost in place. These parameters can only affect the

ischarging speed in our model.

J. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
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Defining p to be the ratio of the practical contrast po-
ential to the maximum obtainable value �p= �f� / �e��, then
he resolution R can be determined from Eqs. (5) and (6) in
he following equation:

R = − 2L ln�1 − p� . �7�

This estimate would give an approximate edge structure
f the latent image for consideration of the resolution limit.
he actual laser beam has a Gaussian profile, not the square

hape as described here, making the discussion of actual
esolution a little more complicated.

As discussed above, the edge degradation by energy
ransfer from the bulk layer in single layer OPC can be de-
cribed as the function of phonon diffusion length. Better
esolution can be obtained by employing an OPC with
horter diffusion length. The diffusion length is dependent
n the physical parameters of the layer matrix, which is re-

ated to the layer formulation. Since the phonon diffusion
ength is an important factor predicting the image degrada-
ion problem in the proposed model, then a better under-
tanding of this dependence on OPC formulation is neces-
ary. Among various parameters of the OPC formulation,
he most effective parameter for diffusion length is the CGM
igment concentration because of its phase discreteness in

he matrix. Accordingly, the following experiment was car-
ied out to estimate the dependence of diffusion length on
GM concentration.

XPERIMENT
ingle Layer OPC
he OPC formulation was composed of X-form metal-free
hthalocyanine �X–H2Pc� (Ref. 8) CGM pigment, hole
ransport material (HTM) formula �A� (Ref. 9) and electron
ransport material (ETM) formula �B� (Ref. 10) dissolved
ith polycarbonate-Z resin solution to make a macroscopic
omogeneous transparent active matrix (Fig. 2). The pur-
ose for the ETM addition in this system is to keep the
lectrical performance of the OPC stable by allowing the
enerated electrons to be released from charge generation
ite and to combine with surface positive charges. The
mount of ETM was limited for the least concentration re-
uired for this purpose.

The samples of single layer OPC were coated on bare

Figure 2. Employed charge transport materials.
luminum drums in the same manner as described in the r

. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
revious paper,7 with the following four formulations con-
aining different CGM concentrations:

(i)
CGM/HTM/ETM/binder=0.6/40/10/49.4,
(ii)
CGM/HTM/ETM/binder=1/40/10/49,
(iii)
CGM/HTM/ETM/binder=2/40/10/48, and
(iv)
CGM/HTM/ETM/binder=4/40/10/46.

The dried film thickness for these samples was
4–15 �m.

pectral Sensitivity
he measurements of spectral sensitivities were carried out

or all four samples using an electrophotographic drum ana-
yzer, Cynthia model 91 of Gentec Co., Japan. The details of
he measurement conditions are described in the previous
aper. In the measurement, the sensitivity is defined as the
hotodischarging rate for 2 �W/m2 monochromatic light
hen the sample was charged to 500 V in absolute value, as

xpressed by following equation:

S = � dVD

dt
−

dVL

dt
� , �8�

here VD and VL mean the dark and light potentials
ust before and after the start point of light exposure,
espectively.

bsorption Spectra
he UV-visible spectra of OPC films were directly measured
y a UV-visible spectrometer, model 8453 from Agilent
echnologies, for 17–18 �m thick samples prepared by
pin-coating solutions on a glass substrate.

ESULTS
igure 3 shows the absorption spectra of the OPC layers of

our single layer formulations. The absorbance increased
roportionally to CGM concentration in the wavelength

Figure 3. Absorption spectra of OPC films for formulations �i�–�iv�.
ange longer than 550 nm.
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Figures 4(a)–4(d) are the spectral sensitivities of all
amples for both polarities. In the very low CGM concen-
ration sample, both sensitivities were comparable in abso-
ute values and the spectral dependences were similar to each
ther. However, the difference of both sensitivities became
ore pronounced by increasing CGM concentration, where

he positive charging sensitivity increased almost linearly
ithout changing spectral shape. On the contrary, the nega-

ive charging sensitivity decreased in absolute value with in-
reasing CGM concentration and, simultaneously, the char-
cteristic spectral dependence of negative charging
ensitivity appeared significantly different at high CGM con-
entration samples showing peaks at the absorption valley
nd shoulder slopes as described in the previous paper.
hese results prove the important role of the light transmit-

ance of the layer in realizing the negative charging sensitiv-
ty and different locations of charge generation sites by the
harging polarities as suggested in the previous paper.

ISCUSSION
iffusion Length Dependence
ccording to our previous paper,7 we can estimate the pho-
on diffusion length by solving Eq. (9)

Sn1Sp2

Sn2Sp1

=
�� + �1��� − �2��exp�− �1l� − exp�− �l�	

�� − �1��� + �2��exp�− �2l� − exp�− �l�	
,

�9�

here l is the layer thickness, and Sn1, Sp1, �1 and Sn2, Sp2,

2, are the set of negative and positive sensitivities and ab-
orption coefficients at two different wavelengths, respec-
ively. Substituting those values at 600 and 725 nm for each
esult of tested samples, we could obtain the value � for all
PC formulations. Figure 5 shows the dependence of � on
GM concentration thus obtained, where a clear correlation

an be observed showing linear increase of � value on in-
reasing CGM concentration.

This result suggests that the phonon propagation in the
TM/binder matrix is strongly disturbed by the presence of

igure 5. Inverse diffusion length � as the function of CGM concentration
rom date of Fig. 4.
igure 4. �a�–�d� Spectral sensitivities of both polarities: Open circles
how the positive charging sensitivities and solid circles show the nega-
ive charging sensitivities; CGM concentration increases from �a� through
GM pigments, where the magnitude of the disturbance

J. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
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eems to be proportional to the density of CGM, so that the
honon diffusion length decreased with increasing CGM
oncentration.

Here, let us assume the existence of two different dis-
urbance coefficients for phonon propagation, DM of the
TM/binder matrix and DP of CGM pigment and naturally

M �DP. The transmittance of phonon for the length d
ould be proportional to exp
−��1−��DM +�DP	d� using

he value of CGM density �, so that the diffusion length L
hould be determined in the following equation:

L =
B

�1 − ��DM + �DP

, �10�

here B is a constant value. The above equation can be
odified as follows by replacing L by �−1

� =
1

B
�DM + �DP − DM��	 . �11�

hus, the linear dependence of � on CGM concentration
an be simply explained.

The adaptability of the values obtained for the supposed
odel of charge generation is verified by the following

quation:

Sn

Sp

= r
� + �

� − �
�exp�− �l� − exp�− �l�	 , �12�

here r denotes the ratio of charge separation efficiency of
egative charging to that of positive charging.

Figure 6 exhibits the correlation of �Sn /Sp� vs 
���
�� / ��−����exp�−�l�−exp�−�l�	� by substituting ob-

ained values of �, sensitivities of both polarities, and ab-
orption coefficients for all samples and wavelength.

As shown in Fig. 6, data of different formulations and
avelength are aligned on one line through the origin, which
ould indicate that relation (12) is consistently valid in the
ifferent formulations of single layer OPCs evaluated in this

igure 6. Correlation plot of �Sn/Sp� vs 
���+��/ ��−����exp�−�l�
exp�−�l�	�. Dots are the calculated values from the data of spectral

ensitivities of both polarities. Line is the least-squares approximation.
tudy. The parameter r is defined as the ratio of charge sepa-

. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
ation efficiency of negative charging to that of positive
harging and is determined from the slope of the regression
ine in the graph. A slope that is larger than one suggests that
he separation efficiency for negative charging is larger than
or positive charging due to the different locations of charge
eneration sites as suggested in the previous paper.7 In this
ase, the charge generation site is supposed to exist in the
GM pigments at the substrate-OPC layer interface, where
ortion of the pigments may directly contact the substrate,
ausing a large local field in the Schottky barrier at the con-
act point of X–H2Pc and Al substrate10 which assists the
harge generation.

esolution Limit of Latent Image
rom the result of the experiment, it is whown that the
honon diffusion length is dependent on the CGM concen-
ration and becomes shorter with increasing concentration,
hich means the edge degradation should be smaller. This

esult suggests that small edge degradation can be attained
y increasing the CGM concentration, which correlates well
ith the experimental results obtained on latent image reso-

ution in single layer OPC.6 This agrees with the general
oint of view for this issue that is based on a conventional
harge generation model and considers a shorter electron
igration length from photoexcited CGM to the surface

harge in higher CGM concentration systems.
In the prior study on dual layer OPC,3,4 it was found

hat the resolution of dual layer OPC was strongly depen-
ent on layer thickness, carrier density, mobility, image pat-

ern, and it has been claimed that CTL thickness must be
0 �m or less in order to realize 1200 dpi resolution.1,3 This
hickness is insufficient to give proper charge acceptance in
sual electro photographic (EP) system and to fulfill another

echnical demand for extending the usage life of OPC due to
echanical wear, so that the practical resolution limit of

onventional dual layer OPC is 1200 dpi or less.
On the contrary, the single layer OPC as discussed here

s independent of those factors. The main factor affecting
esolution is only phonon diffusion length according to our
roposed model. Equation (7) shows the linear proportion-
lity of edge degradation to diffusion length and it illustrates
he importance for determination of necessary contrast po-
ential (g) in estimating the resolution.

If we assume as a first approximation that the contrast
otential should be more than 70% �p=0.7� of the maxi-
um value for the single layer formulation with a 5 �m

iffusion length, then R would become approximately
2 �m, calculated using Eq. (7). For the realization of
400 dpi imaging, approximately 10 �m dot resolution may
e necessary and this value seems to be a critical resolution

imit for 2400 dpi imaging. However, considering that the
eveloping potential is usually set much lower than the sur-

ace potential of the OPC, the actual contrast potential is
upposed to be much smaller so that this resolution would
e enough to realize 2400 dpi. This result corresponds well
o the experimental value observed in a similar formulation
ingle layer OPC.6
Let us suppose that the diffusion length is around 5 �m
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�=2000 cm−1; cf. Fig. 5), and then the single layer OPC
as the potential of achieving 2400 dpi or more with a thick
PC layer. Moreover, considering the dependence of diffu-

ion length on CGM concentration, the higher resolution
an be attained in the formulation with higher CGM con-
entration system, although it is not possible to increase the
GM ratio indefinitely because excessive amount of CGM

atio would usually degrade EP properties, such as charge
cceptance, cycling stability, etc.

It must be noted that the analysis was based on the
ssumption that all of the charge generation occurred at top
urface region and neglects electron transport from the bot-
om of the layer. This assumption is valid because electron

obility is much slower than hole mobility in the usual
ingle layer OPC of this formulation. However, when ETM
oncentration is increased and electron mobility becomes
omparable to hole mobility to some degree, then carrier
igration from the substrate may not be negligible. In that

ase, the phenomenon of resolution degradation by lateral
arrier migration as observed in conventional dual layer
PC will also appear even in the single layer OPC.

ONCLUSIONS
ccording to the new model of charge generation in the

ingle layer OPC, the edge degradation effect in electrostatic
atent image was discussed theoretically and experimentally.
he results can be summarized as follows.

1. The potential profile of at the edge of latent image
can be expressed as the exponential function of pho-
08
non diffusion length, where the edge width (or ex-
pansion) is proportional to the diffusion length.

2. The phonon diffusion length is dependent on the
CGM density and becomes shorter with increasing
CGM concentration.

3. The proposed model of charge generation has been
consistently verified for various formulations of
single layer OPC.

4. The resolution limit in a usual single layer OPC can
be estimated to be 2400 dpi or more considering
degradation width, which is a significient advantage
in comparison to conventional dual layer OPC with
the resolution limit around 1200 dpi.

5. Higher resolution is achieved by increasing CGM
concentration in so far as the EP characteristics re-
main in practical working range.
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