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bstract. The correlation between organic photoconductor (OPC)
hickness and several printer parameters and OPC aging are theo-
etically analyzed. We found that linewidth changes from varying the
harge transport layer (CTL) thickness are analogous to those from
djusting several printer parameters. Thus, the same linewidths and
rint quality can be achieved by appropriately adjusting those pa-
ameters, provided that lateral motion of photogenerated charge
arriers during their transit from the charge generation layer to the
TL surface is negligibly small. In particular, it is found that the laser
ower is required to increase exponentially with respect to an in-
rease in CTL thickness in order to maintain the same linewidths,
nd the power sensitivity is inversely proportional to the quantum
fficiency. In addition, it is found that, under certain conditions, vary-

ng the CTL thickness is analogous to adjusting several print engine
arameters. © 2006 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:2�193��

NTRODUCTION
he thickness of an organic photoconductor (OPC) is an

mportant design parameter in electrophotography. One of
he reasons a very thin OPC is desirable is because lateral

otion of photogenerated charge carriers and the transit
ime from the charge generation layer (CGL) to the charge
ransport layer (CTL) surface are reduced,1–4 which corre-
ponds to a high print speed. However, it is difficult to

anufacture thin OPCs and they have a larger relative varia-
ion in charge (at constant voltage) resulting in a larger vari-
nce in print results. OPC aging is another factor in image
egradation. In this paper, we theoretically analyze the ef-

ects of CTL thickness and OPC aging, and present the ob-
erved correlation between the CTL thickness and several
rinter parameters in monocomponent development sys-

ems with relatively less transparent CTLs. Nominal print
ngine parameters used in our calculations, unless noted
therwise, are given in Table I.
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ATENT IMAGE FORMATION WITH VARYING OPC
HICKNESS
ight intensity at a distance z beneath the OPC surface de-
ays exponentially5

I = Isurfe
−kz , �1�

here Isurf is the intensity at the surface �z=0� and k is the
bsorption coefficient (see Fig. 1). For a typical single layer
PC of thickness d, Chen reported that6

k =
4.6

d
. �2�

or d=20 �m, k=0.23 �m−1, which is comparable to an
arlier finding for a polymer at a radiation wavelength of
00 nm reported by Schaffert.7 In a dual layer photoconduc-
or (PC), it is the amount of light absorbed in the CGL that
etermines the quantity of photogenerated charge carriers.
hus, the thicker the CTL, the less light is absorbed in the
GL, resulting in a smaller charge distribution. When k
0.23 �m−1, only about 1% of the intensity at the surface

eaches the CGL. A typical CTL would have to be much less
paque. Extrapolating from Schaffert’s data, the absorption
oefficient at 700 nm is about 0.07 �m−1, where about 25%
f the surface intensity reaches the CGL. The absorption
oefficient can vary significantly depending on OPC materi-
ls. In particular, the absorption coefficient of a single layer
PC tends to be much greater than that of a dual layer OPC

ince photons are to penetrate the CTL and reach the CGL
n dual layer OPCs whereas they are to be absorbed and
onvert their energy to the creation of charge carriers before
hey reach the ground substrate in single layer OPCs. Thus,
he absorption coefficient of a typical dual layer OPC may be

uch smaller than 0.07 �m−1.
The intensity at the CTL/CGL boundary can be utilized

o obtain the corresponding exposure energy G at the
oundary

G�d� = Gsurfe
−kd , �3�

here Gsurf is the surface exposure.1,8,9 The surface potential
nd exposure are related via photoinduced discharge charac-

eristics (PIDC)
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V = Vsat + �Vdark − Vsat��exp�−
Gsurf

Ga
�� , �4�

here Vsat is the saturation voltage (large exposure voltage),

dark is the dark voltage (initial voltage before exposure),
nd Ga is the PC sensitivity. Note that this experimental
haracterization is designed for solid area latent image for-
ation. For arbitrary patterns, assuming complete lateral in-

ependence, we obtain the surface charge distribution from

Table I. Printer parameters.

arameter Description Value

Laser power 0.1 mW

Scan velocity 1000 m / s

r Laser rise time 2 ns

f Laser fall time 2 ns

x x spot size �1 / e2� 60 µm

y y spot size �1 / e2� 60 µm

sat Saturation voltage −100 V

dark Dark voltage −800 V

a PC sensitivity 0.2 µJ / cm2

bias Developer bias −500 V

Toner volume charge density −20 µC / cm3

PC PC dielectric constant 3

t Toner dielectric constant 3

Toner layer thickness 5 µm

Developer gap 5 µm

0 CTL thickness 20 µm

Figure 1. Layered photoconductor.
q. (4) as �

94
�surf = �sat + ��dark − �sat��exp�−
Gsurf

Ga
�� , �5�

here

�sat =
�0�PCVsat

d
�C/m2� and �dark =

�0�PCVdark

d
�C/m2� .

�6�

0 is the permittivity of free space and �PC is the PC dielec-
ric constant. The quantity of the arrived carriers �arrived is
he difference between Eq. (5) and �dark,

�arrived = ��dark − �sat��exp�−
Gsurf

Ga
� − 1� . �7�

ypically, PIDC measurements are taken for a fixed CTL
hickness d0. Thus Eq. (7) can be written as

�arrived =
��d�

��d0�
��dark − �sat��exp�−

Gsurf

G�d0�

G�d�

Ga
� − 1�

=
��d�

��d0�
��dark − �sat��exp�−

Geff

Ga
� − 1� , �8�

here

Geff = e−k�d−d0�Gsurf �9�

nd ��d� is the quantum efficiency defined as the number of
ncident photons into the CGL per charge carrier generated
nd conducted through the CTL. � is in general field and
ntensity dependent. Shaffert found that the intensity depen-
ence is very small and we approximate his field dependent

7

Figure 2. Quantum efficiency for Vdark=−600, −800, and −1000 V.
data with a straight line
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��d� 	 0.005 � 106Ez�d� = 0.005 � 106

Vdark


d
�V/m� ,

�10�

here Ez is the initial normal field in the CTL. This approxi-
ated field dependent quantum efficiency reaches its maxi-
um value 1.0 when d=dmin=0.005�106 
Vdark 
 �dmin

4 �m for Vdark=−800 V), indicating lossless generation
nd transport of charge carriers for d�dmin. Figure 2 shows
he approximated quantum efficiency for Vdark=−600, −800,
nd −1000 V.

The effect of the CTL thickness in Eq. (8) is twofold.
irst, the number of photons entering the CTL/CGL bound-
ry varies with d. Second, the carrier generation and con-
uction efficiency based on these photons also vary with d
ue to the initial field variation in the film from the constant

Figure 3. Exposure dependence on CTL thickness.

Figure 4. �arrived for d=10, 20, and 30 �m.
otential difference and varying film thickness. Calculated

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
alues of Geff and �arrived for a single-pixel-wide vertical line
or d=10, 20, and 30 �m are shown in Figs. 3 and 4, re-
pectively. These figures show drastic changes in exposure
nd charge solely due to PC thickness variation. In some
ual layer OPCs, latent images can vary relatively little even
hen d increases by 8 �m.10 Thus, k appears to be very
aterial dependent and an experimentally verified value for
of a given OPC is required for a more quantitative assess-
ent on latent image variation arising from different OPC

hicknesses.

EVELOPMENT CALCULATION
he development region geometry is shown in Fig. 5. The
ormal electric field Ez in the developer gap can be calcu-

ated in the spatial frequency domain11,12

Ēz�kx,ky,z� =
�̄surf�kx,ky�

�0�PC
�cosh�ku�z − d��u�z − d�

−
cosh�kuz�sinh�kug�

sinh�ku�g + d�� �
− kuVbias	�kx,ky�

cosh�kuz�

Figure 5. Development region geometry.

igure 6. Calculated linewidths of 1, 2, 3, 4, and 5 pixel wide lines
k=0.07 �m−1�.
sinh�ku�g + d��
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+
� · 	�kx,ky�

�0�tku

�sinh�ku�z − d��u�z − d�

− sinhku�z − �d + ����u�z − �d + ����

−
� · 	�kx,ky�cosh�kug� − cosh�ku�g − ����

�0�tku

�
cosh�kuz�

sinh�ku�g + d��
, �11�

here g is the developer gap, � is the toner layer thickness,

bias is the developer bias voltage, � is the toner volume
harge density, �t is the toner dielectric constant, u�·� is the
nit step function, 	�·� is the Dirac delta function, �̄surf is

he two-dimensional (2D) Fourier transform of �dark

� 2 2

igure 7. Calculated linewidths of 1, 2, 3, 4, and 5 pixel wide lines
d=25 �m�.

igure 8. Calculated linewidths of 1, 2, 3, 4, and 5 pixel wide lines
ith the field dependent quantum efficiency �k=0.01 �m−1�.
�arrived, ku = kx +ky, and kx and ky are the spatial fre- e

96
uency variables in the x and y directions, respectively. We
ssume that development begins to take place when Ez 
0.
igure 6 shows the developed widths of 1, 2, 3, 4, and 5 pixel
ide vertical lines using k=0.07 �m−1. The developed
idths decrease very rapidly with increasing CTL thickness
. This is qualitatively consistent with a previously reported
nding that a few micron increase in PC thickness results in

noticeable development change.13 Figure 6 shows that
hen d
32 �m, most of the photons are absorbed in the
TL and all of the five lines do not develop at all. Figure 7

hows the developed widths of the five vertical lines with d
25 �m as functions of absorption coefficient k. The line-
idths vary little when k�0.01 �m−1, which suggests that
sing k=0.01 �m−1 may result in little linewidth variation

igure 9. Calculated linewidths of 1, 2, 3, 4, and 5 pixel wide lines
ith �=1.0 �k=0.01 �m−1�.

igure 10. Developed linewidths �calculated� of ten vertical lines with
=20, 30, and 40 �m. The quantum efficiency is field dependent and

he laser power is set to 0.1 mW.
ven for a large CTL thickness. However, even when k

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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0.01 �m−1, as shown in Fig. 8, the first three lines do not
evelop before the CTL thickness falls below 40 �m. This is
ainly due to the field dependent quantum efficiency. When
=1.0 independent of the CTL thickness, the linewidth in

act changes little with d, as illustrated in Fig. 9. The quan-
um efficiency is likely to be intimately correlated with the
bsorption coefficient. However, due to a lack of quantitative
nformation on their relationship, we will use the field de-
endent quantum efficiency and treat k and � as indepen-
ent variables in this paper.

The CTL thickness is desired to be very thin to coun-

igure 11. Developed linewidths �calculated� of ten vertical lines with
=20, 30, and 40 �m. The quantum efficiency is field dependent and

he laser power is set to 0.1, 0.4, and 1.6 mW for d=20, 30, and
0 �m, respectively.

igure 12. Developed linewidths �calculated� of ten vertical lines with
=20, 30, and 40 �m. The quantum efficiency is field dependent and

he laser power is set to 0.1, 0.22, and 0.48 mW for d=20, 30, and
0 �m, respectively.
eract photon absorption in the CTL and meet various de- I

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
elopment criteria. However, d cannot be made arbitrarily
hin because PC aging and wear (as much as a few micron
ecrease in CTL thickness) need to be accounted for and
uch constraints are bound to increase manufacturing costs.

Figure 13. � and % difference �calculated�.

igure 14. Developed linewidths �calculated� of ten vertical lines with
=20, 30, and 40 �m. The quantum efficiency is set to 1.0 and the

aser power is set to 0.1, 0.2, and 0.4 mW for d=20, 30, and 40 �m,
espectively.
n the next two sections, we show that a relatively thick OPC
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an be used to reproduce the same linewidths as those with
thinner OPC by appropriately adjusting several printer pa-

ameters.

UALITY OF CTL THICKNESS AND LASER POWER
igure 10 shows the developed widths of ten vertical lines of
idths one through ten pixels for d=20, 30, and 40 �m. At

he bias voltage setting given in Table I, the 40 �m CTL does
ot allow any of the lines to develop. Since both k and �

end to reduce the effective number of photons, photon
osses arising from a large CTL thickness can be compen-
ated for by increasing the laser power P, provided that lat-
ral motion of photogenerated charge carriers during their

3

igure 15. Developed linewidths �calculated� of ten vertical lines with
=20 and 30 �m. The dark voltage is changed from −800 to −588 V.

igure 16. Developed linewidths �calculated� of ten vertical lines with
=20 and 30 �m. The bias voltage is changed from −500 to −680 V.
ransit from the CGL to the CTL surface is negligibly small. l

98
t has been observed that increasing the laser power increases
mage sizes.14 Figure 11 shows the developed widths of the
en lines with the power for d=30 and 40 �m increased
rom 0.1 to 0.4 and 1.6 mW, respectively. The linewidths for
ll three CTL thicknesses are in good agreement. This sug-
ests that

P = P0 � 2��d−d0�/d0 = P0 � e0.6931��d−d0�/d0, �12�

here P0 is the laser power for d=d0 and � specifies the
ower sensitivity to CTL thickness. � is dependent on k and

and it was set to 4.0 in Fig. 11. Figure 12 shows the
eveloped widths of the ten lines with k=0.01 �m−1. In this
ase, the power is increased to 0.22 and 0.48 mW for d
30 and 40 �m, respectively, which resulted in �=2.275.
igure 13 shows � for various k values and the percent dif-

erence between the linewidths from d=20 �m and the line-
idths from d=30 and 40 �m. For all k values, the line-
idths from the three CTL thicknesses are in good

greement (less than 2% difference), which shows the dual-
ty between these two parameters. That is, the same line-
idths can be maintained even when the CTL thickness in-

reases by exponentially increasing the laser power according
o Eq. (12).

The power sensitivity � is found to be inversely propor-
ional to the quantum efficiency. This is qualitatively intui-
ive since the more efficiently the photons generate and con-
uct charge carriers through the CTL, the less increase in
ower would have to be required. Figure 14 shows the de-
eloped widths of the ten lines for the extreme case where
he quantum efficiency is set to 1.0 for the three CTL thick-
esses �k=0.07 �m−1�. The laser power was set to 0.2 and
.4 mW for d=30 and 40 �m, respectively. The developed

Figure 17. Bitmap.
inewidths for all three CTL thicknesses are in good agree-

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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ent. The resulting power sensitivity �=2.0 is lower than
he value obtained from k=0.01 �m−1. A more quantitative
xperimental characterization of k and � may be required to
etter understand the physical correlation between these pa-
ameters and laser power.

ORRELATION BETWEEN CTL THICKNESS AND
THER PRINTER PARAMETERS
arying the CTL thickness is also found to be analogous to
djusting other printer parameters such as the dark voltage
nd bias voltage. Figure 15 shows the developed widths of
he ten lines with dark voltages −800 and −588 V for d
20 and 30 �m, respectively, which coincide with each
ther. This shows that linewidth variation from changing the

Figure 18. Calculated electric field of the pattern i
the development field, the stronger it gets�.

Figure 19. Calculated electric field of the pattern
0.22 mW.
TL thickness can be compensated for by adjusting the dark 2

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
oltage. Similarly, the developed linewidth changes from us-
ng different bias voltages for the two CTL thicknesses are
hown in Fig. 16. The lines for both cases are in good agree-

ent. Thus, it appears that the same linewidths from two
ifferent CTL thicknesses can be maintained by appropri-
tely adjusting the dark or bias voltages.

D EXAMPLES
onsider the bitmap shown in Fig. 17. The electric field at

he CTL surface for k=0.01 �m−1 and d=20 and 30 �m is
hown in Fig. 18. Most of the feature for d=30 �m does not
evelop due to the increase in CTL thickness. Increasing the
ower from 0.1 to 0.22 mW brings the field very close to

hat for d=20 �m, as illustrated in Fig. 19. Similarly, Figs.

7. Gray scale represents field strength �the darker

. 17. The laser power is increased from 0.1 to
n Fig. 1
in Fig
0 and 21 show the field after the dark and bias voltages are

199
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ppropriately adjusted, respectively, as discussed in the pre-
ious section. After the adjustments, the images for d
30 �m very closely resemble the field plot for d=20 �m,
hich verifies our conjecture that varying the CTL thickness

s analogous to adjusting the laser power, dark voltage, or
ias voltage.

INEWIDTH VARIATION FROM OPC AGING
t is found that increasing the CTL thickness does not nec-
ssarily compromise the OPCs robustness. A print engine
ith a thick CTL can be resilient to OPC aging as well.
igure 22 shows the linewidth changes after the CTL thick-
ess is decreased by 2 �m. The linewidth variation resulting

Figure 20. Calculated electric field of the pattern
−588 V.

Figure 21. Calculated electric field of the pattern
−680 V.
rom reducing d from 30 down to 28 �m after adjusting the a

00
hree parameters (power, dark, and bias voltages) are com-
arable to those from reducing d from 20 down to 18 �m.
igures 23 and 24 show the linewidth changes from 10%
ower and Ga reduction, respectively. Once again, the line-
idth variation resulting from adjusting the three param-

ters are comparable to those from d=20 �m. Assuming
hysical wear (reduction in d) is the main mechanism for
PC aging, these figures indicate that OPC aging may be

ne of the predominant factors for image degradation.

ONCLUSIONS
e theoretically showed that after increasing the CTL thick-

ess, the same linewidths can be achieved by appropriately

17. The dark voltage is changed from −800 to

17. The bias voltage is changed from −500 to
in Fig.
in Fig.
djusting the laser power, dark voltage, or bias voltage. In

J. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
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articular, it was found that the laser power is required to
ncrease exponentially with respect to the increase in CTL
hickness. Our findings lead us to believe that high resolu-
ion image reproduction can be achieved even with a fairly
hick OPC, provided that lateral motion of photogenerated
harge carriers during their transit from the CGL to the CTL
urface is negligibly small. The CTL thickness cannot be

ade arbitrarily large because it would require more time to
orm latent images on the surface due to the longer transit
ime for the carriers, which will result in a longer process
ime and limit the print speed. However, we found that,

Figure 22. Calculated linewidth variation from 2 �m reduction in d.

Figure 23. Calculated linewidth variation from 10% power reduction.
ithin a given range of CTL thickness, adjusting the three

. Imaging Sci. Technol. 50�2�/Mar.-Apr. 2006
rinter parameters (power, dark voltage, and bias voltage)
an have almost the same end effect as changing the CTL
hickness. This duality between the CTL thickness and the
rinter parameters allows one to more effectively optimize

he parameters without compromising the print quality.
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