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Abstract. A new model of charge generation process in the single
layer organic photoconductor (OPC) was proposed where the
charge generation took place at the surface of the photoconductive
layer after phonon diffusion from within the photoexcited bulk pho-
toconductive layer. The degradation of the edge sharpness of the
electrostatic latent image was simulated theoretically according to
this model and the parameters that dominated the resolution degra-
dation in the single layer OPC due to the energy diffusion were
determined. The analytical result suggested the model of edge deg-
radation in this system depended strongly on the phonon diffusion
length. Accordingly, an experimental analysis was performed that
explained the dependence of diffusion length on the photoreceptor
formulation. The experimental result showed the validity of the prin-
ciple in the proposed model for all OPC formulations tested, and the
existence of a significant dependence of diffusion length on the
CGM concentration in the photosensitive layer. The obtained results
numerically showed the superiority in resolution of the single layer
OPC compared with those of the conventional dual layer OPC, sug-
gesting the possibility of true 2400 dpi imaging. The results provided
a guideline for realizing higher resolution imaging via the single layer
OPC formulation. © 2006 Society for Imaging Science and
Technology. [DOI: 10.2352/J.ImagingSci.Technol.(2006)50:6(503)]

INTRODUCTION

One of the major trends in the recent electrophotographic
apparati, such as laser beam printers (LBPs), must be high
resolution imaging,' having advanced from the 240 or
300 dpi resolution levels of the early generation LBP to the
current main stream of values of around 600 dpi. Besides,
every company in this commercial area is aggressively pur-
suing the development of true 1200 dpi or higher
resolution.” However, with the increase of the mechanical
resolution in the apparatus, more attention is being devoted
to the problem of the electrostatic latent image degradation
on the organic photoconductor (OPC) surface due to the
carrier diffusion. In the case of conventional dual layer OPC,
the latent image is formed after the holes that are generated
at the charge generation layer migrate through the thick
charge transport layer (CTL) and neutralize the negative sur-
face charges. Therefore, the resolution of latent image may
become degraded because of the lateral migration of carriers
due to the Coulomb repulsion of charges in the carrier cloud
and lateral attraction by surface charges.™
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Single layer OPC is advantageous in this regard because
of shorter distance between the charge generation site and
the surface charge to degrade the electrostatic latent image.™®
This viewpoint is based on the conventional hypothesis that
charge generation occurs at the photoexcited CGM pigments
that are mostly located in a region close to the surface and
based on distribution of light absorption in the layer. In this
case, the short migration distance of electrons from the ex-
cited CGM particles in the layer to the positive surface
charges determines image degradation, like a positively
charging single layer OPC construction consisting of CGM
particles dispersed in CTM/polymer matrix is employed.

As we discussed in the previous paper,” we propose a
different process of charge generation in single layer OPC,
where the energy of incident light absorbed in the bulk layer
propagates to the charge generation site at different locations
and charge generation occurs near the surface of the OPC.
According to this assumption, even the unexposed area of
the surface would inevitably receive the influence of energy
propagation from bulk, and the electrostatic latent image on
the surface would be degraded to a certain extent, even
though such energy propagation may be electrically neutral
and not affected by the electric field. It is necessary to review
the degradation mechanism of latent image according to this
model and to correctly estimate the underlying factors of
image degradation to identify a formulation to obtain high
resolution, making this basic concept quite different from
the model describing image resolution conventional OPC.

This paper will first discuss the mechanism of edge deg-
radation of latent image in single layer OPC using a theo-
retical analysis based on the assumed model, prove the im-
portant role of phonon diffusion length in the resolution,
and then clarify the compositional dependence of phonon
diffusion length by analyzing experimental results on spec-
tral sensitivities of various formulations. Finally, a discussion
is presented on formulation optimization to obtain a high
resolution, single layer OPC and the resolution limit by the
structural potential of single layer OPC.

THEORY OF IMAGE DEGRADATION

A simplified light exposure model is proposed to describe
theoretical image degradation process. As a first approxima-
tion, the energy distribution of incident light is assumed to
produce a square shape on the surface of OPC layer and that
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Figure 1. (a) Schematic illustration of light energy distribution at OPC
surface, (b) illustration of edge degradation of latent image: (a) ideal
potential profile, (b) degraded potential profile according to Egs. (5) and
(), (c) dark potential, (d) light potential, (e) contrast potential, (f) prac-
tical contrast potential, and (g) edge width.

the light penetrates the layer orthogonal to the layer surface
without scattering. The boundary point of light exposure is
at the surface position z=0 on the layer, where light energy
E=0 when z=0, and E=E, when z<0, as illustrated in Fig.
1(a).

The phonon number at any surface position, z, trans-
ferred from the bulk layer can be determined utilizing the
same energy transfer mechanism proposed in the previous
paper.” The phonon number at any place on the surface, due
to the exposure by a small beam of incident light, is deter-
mined by Eq. (1)

L ( \rxz + a2>
n(a) :f A exp(— ax)exp| — ; dx, (1)

0

where the parameter, a, denotes the distance of the sur-
face position from the incident position, depth position, x,
the distance from the surface into the bulk layer, the pho-
non diffusion length L, absorption coefficient «, and a
constant A.

For simplicity, vx*>+a? is replaced by x+a. The integral
in Eq. (1) can be resolved using inversed diffusion length B
as follows:
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]
n(a) = f A exp(— ax)exp{— B(x + a)}dx

0

I
= f A exp(— Ba)exp{— (a + B)x}dx

0

= exp(— Ba)[1 — exp{— (a+ B)I}]

a+ B

A

=~ exp(— Ba). (2)

a+f

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

* A
N(z) = .L n(a)da = m exp(— Bz). (3)

On the other hand, when z<0, it will be as follows:

N(z) = fo n(a)da + fz n(—a)da = m{z — exp(Bz)}.

(4)

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

Vo= Vg
Viz) =V, - exp(— Bz) (5)
when z=0, and
Vo= Vi
V(z) = Vg + exp(/32) (6)

when z<<0.

In Fig. 1(b), undisturbed ideal potential profile (a) has a
square edge reflecting the light power distribution model on
the surface. Actual potential profile (b) receives the influence
of energy diffusion and has some slope in accordance with
Egs. (5) and (6) disturbing edge distinctness. Here, the reso-
lution is defined as the edge width (g) which can hold the
practical potential (f) to a predefined ratio with the maxi-
mum contrast potential (e). It must be noted that the reso-
lution is determined only by the combination of surface
positive charges and the generated negative charges, so the
usual parameters like carrier mobility and layer thickness,
which affect the resolution in the dual layer OPC, may not
take part in determining the resolution of supposed model,
because the generated electron combines with the surface
charge almost in place. These parameters can only affect the
discharging speed in our model.
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Figure 2. Employed charge transport materials.

Defining p to be the ratio of the practical contrast po-
tential to the maximum obtainable value (p=(f)/(e)), then
the resolution R can be determined from Egs. (5) and (6) in
the following equation:

R=-2LIn(1-p). (7)

This estimate would give an approximate edge structure
of the latent image for consideration of the resolution limit.
The actual laser beam has a Gaussian profile, not the square
shape as described here, making the discussion of actual
resolution a little more complicated.

As discussed above, the edge degradation by energy
transfer from the bulk layer in single layer OPC can be de-
scribed as the function of phonon diffusion length. Better
resolution can be obtained by employing an OPC with
shorter diffusion length. The diffusion length is dependent
on the physical parameters of the layer matrix, which is re-
lated to the layer formulation. Since the phonon diffusion
length is an important factor predicting the image degrada-
tion problem in the proposed model, then a better under-
standing of this dependence on OPC formulation is neces-
sary. Among various parameters of the OPC formulation,
the most effective parameter for diffusion length is the CGM
pigment concentration because of its phase discreteness in
the matrix. Accordingly, the following experiment was car-
ried out to estimate the dependence of diffusion length on
CGM concentration.

EXPERIMENT
Single Layer OPC
The OPC formulation was composed of X-form metal-free
phthalocyanine (X-H,Pc) (Ref. 8) CGM pigment, hole
transport material (HTM) formula (A) (Ref. 9) and electron
transport material (ETM) formula (B) (Ref. 10) dissolved
with polycarbonate-Z resin solution to make a macroscopic
homogeneous transparent active matrix (Fig. 2). The pur-
pose for the ETM addition in this system is to keep the
electrical performance of the OPC stable by allowing the
generated electrons to be released from charge generation
site and to combine with surface positive charges. The
amount of ETM was limited for the least concentration re-
quired for this purpose.

The samples of single layer OPC were coated on bare
aluminum drums in the same manner as described in the
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Figure 3. Absorption spectra of OPC films for formulations (i)=(iv).

previous paper,” with the following four formulations con-
taining different CGM concentrations:

((ZI)GM/HTM/ETM/binder: 0.6/40/10/49.4,
élgM/HTM/ETM/binder: 1/40/10/49,
SICIJ)I\/I/HTM/ETM/binderZZ/ALO/ 10/48, and
((ZlgM/HTM/ETM/binder:4/40/ 10/46.

The dried film thickness for these samples was
14-15 pm.

Spectral Sensitivity

The measurements of spectral sensitivities were carried out
for all four samples using an electrophotographic drum ana-
lyzer, Cynthia model 91 of Gentec Co., Japan. The details of
the measurement conditions are described in the previous
paper. In the measurement, the sensitivity is defined as the
photodischarging rate for 2 wuW/m? monochromatic light
when the sample was charged to 500 V in absolute value, as
expressed by following equation:

avp  dv,

dt dt

, (8)

where Vp and V; mean the dark and light potentials
just before and after the start point of light exposure,
respectively.

Absorption Spectra

The UV-visible spectra of OPC films were directly measured
by a UV-visible spectrometer, model 8453 from Agilent
Technologies, for 17-18 um thick samples prepared by
spin-coating solutions on a glass substrate.

RESULTS

Figure 3 shows the absorption spectra of the OPC layers of
four single layer formulations. The absorbance increased
proportionally to CGM concentration in the wavelength
range longer than 550 nm.
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Figure 4. (0)—~(d) Spectral sensitivities of both polarities: Open circles
show the positive charging sensitivities and solid circles show the nego-
tive charging sensitivities; CGM concentration increases from (a) through
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Figure 5. Inverse diffusion length B8 as the function of CGM concentration
from date of Fig. 4.

Figures 4(a)—4(d) are the spectral sensitivities of all
samples for both polarities. In the very low CGM concen-
tration sample, both sensitivities were comparable in abso-
lute values and the spectral dependences were similar to each
other. However, the difference of both sensitivities became
more pronounced by increasing CGM concentration, where
the positive charging sensitivity increased almost linearly
without changing spectral shape. On the contrary, the nega-
tive charging sensitivity decreased in absolute value with in-
creasing CGM concentration and, simultaneously, the char-
acteristic spectral dependence of negative charging
sensitivity appeared significantly different at high CGM con-
centration samples showing peaks at the absorption valley
and shoulder slopes as described in the previous paper.
These results prove the important role of the light transmit-
tance of the layer in realizing the negative charging sensitiv-
ity and different locations of charge generation sites by the
charging polarities as suggested in the previous paper.

DISCUSSION

Diffusion Length Dependence

According to our previous paper,” we can estimate the pho-
non diffusion length by solving Eq. (9)

Snl sz

SnZSpl

(B+ o)) (B~ a){exp(— a;]) — exp(= BI)}
(B~ a)(B+ a){exp(~ ayl) —exp(~ B}
(9)

where [ is the layer thickness, and S,;, Sp1, @y and S, S,
a,, are the set of negative and positive sensitivities and ab-
sorption coefficients at two different wavelengths, respec-
tively. Substituting those values at 600 and 725 nm for each
result of tested samples, we could obtain the value B for all
OPC formulations. Figure 5 shows the dependence of 8 on
CGM concentration thus obtained, where a clear correlation
can be observed showing linear increase of B value on in-
creasing CGM concentration.

This result suggests that the phonon propagation in the
CTM/binder matrix is strongly disturbed by the presence of
CGM pigments, where the magnitude of the disturbance

J. Imaging Sci. Technol. 50(6)/Nov.-Dec. 2006
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Figure 6. Correlation plot of (S,/S,) vs [((B+a)/ (B—a)){exp(-al)
—exp(=BN}]. Dots are the calculated values from the data of spectral
sensifivities of both polarities. Line is the leastsquares approximation.

seems to be proportional to the density of CGM, so that the
phonon diffusion length decreased with increasing CGM
concentration.

Here, let us assume the existence of two different dis-
turbance coefficients for phonon propagation, D), of the
CTM/binder matrix and Dp of CGM pigment and naturally
D,;<Dp. The transmittance of phonon for the length d
would be proportional to exp[—{(1—p)Dy+pDp}d] using
the value of CGM density p, so that the diffusion length L
should be determined in the following equation:

B
[=——
(1= p)Dy+ pDp

where B is a constant value. The above equation can be
modified as follows by replacing L by 87!

(10)

1
B:E{DM_i'(DP_DM)p}- (11)

Thus, the linear dependence of 8 on CGM concentration
can be simply explained.

The adaptability of the values obtained for the supposed
model of charge generation is verified by the following
equation:

Sn
i

Sp

B+«
S alepa-epC A (12

where r denotes the ratio of charge separation efficiency of
negative charging to that of positive charging.

Figure 6 exhibits the correlation of (S,/S,) vs [(B
+a)/(B—a)){exp(—al)—exp(—BI)}] by substituting ob-
tained values of B, sensitivities of both polarities, and ab-
sorption coefficients for all samples and wavelength.

As shown in Fig. 6, data of different formulations and
wavelength are aligned on one line through the origin, which
would indicate that relation (12) is consistently valid in the
different formulations of single layer OPCs evaluated in this
study. The parameter r is defined as the ratio of charge sepa-
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ration efficiency of negative charging to that of positive
charging and is determined from the slope of the regression
line in the graph. A slope that is larger than one suggests that
the separation efficiency for negative charging is larger than
for positive charging due to the different locations of charge
generation sites as suggested in the previous paper.” In this
case, the charge generation site is supposed to exist in the
CGM pigments at the substrate-OPC layer interface, where
portion of the pigments may directly contact the substrate,
causing a large local field in the Schottky barrier at the con-
tact point of X—H,Pc and Al substrate'® which assists the
charge generation.

Resolution Limit of Latent Image

From the result of the experiment, it is whown that the
phonon diftusion length is dependent on the CGM concen-
tration and becomes shorter with increasing concentration,
which means the edge degradation should be smaller. This
result suggests that small edge degradation can be attained
by increasing the CGM concentration, which correlates well
with the experimental results obtained on latent image reso-
lution in single layer OPC.® This agrees with the general
point of view for this issue that is based on a conventional
charge generation model and considers a shorter electron
migration length from photoexcited CGM to the surface
charge in higher CGM concentration systems.

In the prior study on dual layer OPC,>* it was found
that the resolution of dual layer OPC was strongly depen-
dent on layer thickness, carrier density, mobility, image pat-
tern, and it has been claimed that CTL thickness must be
10 wm or less in order to realize 1200 dpi resolution." This
thickness is insufficient to give proper charge acceptance in
usual electro photographic (EP) system and to fulfill another
technical demand for extending the usage life of OPC due to
mechanical wear, so that the practical resolution limit of
conventional dual layer OPC is ~1200 dpi or less.

On the contrary, the single layer OPC as discussed here
is independent of those factors. The main factor affecting
resolution is only phonon diffusion length according to our
proposed model. Equation (7) shows the linear proportion-
ality of edge degradation to diffusion length and it illustrates
the importance for determination of necessary contrast po-
tential (g) in estimating the resolution.

If we assume as a first approximation that the contrast
potential should be more than 70% (p=0.7) of the maxi-
mum value for the single layer formulation with a 5 um
diffusion length, then R would become approximately
12 pm, calculated using Eq. (7). For the realization of
2400 dpi imaging, approximately 10 um dot resolution may
be necessary and this value seems to be a critical resolution
limit for 2400 dpi imaging. However, considering that the
developing potential is usually set much lower than the sur-
face potential of the OPC, the actual contrast potential is
supposed to be much smaller so that this resolution would
be enough to realize 2400 dpi. This result corresponds well
to the experimental value observed in a similar formulation
single layer OPC.°

Let us suppose that the diffusion length is around 5 um
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(B=2000 cm™!; cf. Fig. 5), and then the single layer OPC
has the potential of achieving 2400 dpi or more with a thick
OPC layer. Moreover, considering the dependence of diffu-
sion length on CGM concentration, the higher resolution
can be attained in the formulation with higher CGM con-
centration system, although it is not possible to increase the
CGM ratio indefinitely because excessive amount of CGM
ratio would usually degrade EP properties, such as charge
acceptance, cycling stability, etc.

It must be noted that the analysis was based on the
assumption that all of the charge generation occurred at top
surface region and neglects electron transport from the bot-
tom of the layer. This assumption is valid because electron
mobility is much slower than hole mobility in the usual
single layer OPC of this formulation. However, when ETM
concentration is increased and electron mobility becomes
comparable to hole mobility to some degree, then carrier
migration from the substrate may not be negligible. In that
case, the phenomenon of resolution degradation by lateral
carrier migration as observed in conventional dual layer
OPC will also appear even in the single layer OPC.

CONCLUSIONS

According to the new model of charge generation in the
single layer OPC, the edge degradation effect in electrostatic
latent image was discussed theoretically and experimentally.
The 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-
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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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