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Abstract revealed by the ECD measurements, is required for
specifying an effective CR.

An innovative electrostatic charge decay (ECD)
technique previously introduced has been shown to be a Electrostatic Model of Roller Charging
good predictor of charge roller performance. The physical
reason behind the correlation between ECD and charging The physical mechanism of roller charging of the PR
performance is that both processes depend on dielectrian be described with the one-dimensional geometry of a
relaxation to rearrange the charge distribution in thehree-layer system, consisting of the grounded PR, the
resistive layer. In this paper, we present experimental angsistive coating of the charging roller and the air gap,
theoretical studies of dielectric relaxation in resistiveshown in Fig. 1. All curvatures are neglected.
materials used for charge rollers. It is shown that the
process can be non-ohmic, and that information on charge Y}
injection and transport parameters in addition to resistivity
is required for specifying an effective charge roller.

Charge Roller Coating

Introduction (E.k,L) -

A typical charge roller (CR) for electrophotographic ) e
copiers and printers consists of a layer of conductive AirGap(E, e, L) 0
elastomer coating on a metal shaft. In addition, a thinner I <pr
and more resistive over-coating is generally applied to PR (Ep, k,L)
prevent destructive arcing to the photoreceptor (PRhe P

electric and dielectric properties of the coatings can *G

critically affect the uniformity and level of charging on a

PR. In a previous paper, we introduced a non-contact and Figure 1. Schematic1-D model of CR and PR system
non-destructive measurement technique for CRs under

conditions closely simulating the actual application of the  The applied bias voltage Ms divided into voltages
device’ This electrostatic charge decay (ECD) techniqueacross the PR Ythe air gap Y and the roller coating Vas
has been shown to be a good predictor of CR performanctllows:

Direct measurements on PRs verify that CRs with faster

rates of ECD produce higher surface potentials and better V,=V,+V,+V = -EL -EL, -EL, 1)
print quality. The physical reason behind the correlation . ' : . .
between ECD and CR performance is that both processéd1ere E is the field and L is the layer thickness, with the
depend on dielectric relaxation to rearrange the charge aﬁalbscnpts p. @ and r referring to PR, air gap and roller

voltage distributions in the layers. In this paper, Wecoating, respectively. The PR and air gap can be assumed

elucidate this correlation with a simple electrostatic mode}° be space—chargg free, and hengeidl £ are constant
of roller charging. This is followed by discussion of across the respective layers. In the electrostatic model, the

experimental and theoretical studies of dielectric relaxatiof22tng._on the. roIIer. is to be simulated by a perfect
in resistive materials used in CRs. It is shown that thg'e'eCtrIC of various thicknesses, and hence the fielts E
classical view of dielectric relaxation by RC circuit also constant across the layer.

L L At the instant of bias application, the charge densities at
approximation does not always apply, and that addition . : i
information on charge injection and transport, a:i}he charge roller/air-gap mterfapq@nd at the air-gap/PR

interface Q are both zero. Using the Gauss theorem to

eliminate the fields Fand E, one obtains the initial air-gap
voltage V as

* Contact for inquiries
** Consulting scientist V,=-EL,=V,L/(D,+L,+D) )
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where the Ds are the dielectric thicknesses, D = L/k, (witldielectric relaxation in the overcoat layer is investigated in

k= dielectric constant) If the dielectric thickness of the the following section.

roller layer D is much larger than the other two,dnd D, o _

most of the voltage drop is in this layer. In this case, théPrinciple of Electrostatic Charge Decay (ECD)

air-gap voltage VYis likely to be smaller than the threshold

voltage for air breakdown In ECD measurements, the surface of a resistive layer
For an air gap greater thanu8n, the air breakdown on a grounded electrode (e.g. a CR) is corona charged to a

threshold voltage (at standard pressure and temperature) casitage \, in a very short time (Fig. 3). The subsequent

be approximately represented by(\)) = 312 + 6.2|_(with  decay of the surface voltage, Wue to dielectric relaxation

L, in um and \, in volts)? in the resistive layer is monitored by an electrostatic
The dashed line in Fig. 2 shows the above relationshigoltmeter.

between Y and L, (i.e. Paschen curve). Also shown in Fig. In the classical treatment of dielectric relaxation, the

2 are the initial air-gap voltages, Eq.(2), calculated foisample is represented by a resistor R and a capacitor C in

values of D= 240, 150, 90, 60 and 30m (for a dielectric  parallel, as shown in the lower part of Fig. 3. The

constant k=2.5, these correspond tg=1600, 375, 225, 150, equivalent circuit theory predicts that the surface voltage

and 75um). The PR is assumed to have a dielectriovill decay exponentially, with a time constant known as

thickness of 1um (e.g. with k=2.5 and [=25um), and the "dielectric relaxation time,"

the bias voltage is ¥1200 volts. V() = V, exp(tk ), witht =RC =¢/s  (3)
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Figure 2. Air gap voltage vs. gap sizechlculated for various C

dielectric thicknesses, of the rqller coating layer. The air Figure 3. Schematic of ECD measurements,
breakdown threshold voltage, ¥ shown by the dashed line (for . S

L >8,m). and the equivalent RC circuit.

It can be seen that under these conditions, the air-ga In reality, however, a perfect exponential decay is

voltage can exceed the threshold voltage only when th eldom observed in materials commonly used for CR

dielectric thickness of the roller coating is reduced to abo(f0tng- Figure 4 shows representative  ECD re_sults
30 um. By collapsing the voltage across the Iayer,Obta'ned with three CRs. It is obvious from the semi-log

dielectric relaxation in the roller coating provides a procesgIOtS that the voltage decay is not exponential, particularly

which effectively reduces the dielectric thickness of a Iayeegltgmee dgg;eassﬁg\}vn 'Ia;] Illzr;eaz e)i(\tgispglrz]itg)xn o(afe;Tizl 'ggg
with a fixed physical thickness. g y 9.49 p y

In general, the roller coating consists of a thicker (a fevoévc')trr;es (glr?gjes ::Oor;st?g; dﬁittit\r/]i(te (())rfd;ahre Ggrggrc;zc’lg\f?{gh
mm) elastomer layer with a nominal conductivity¥10’ P y

Sicm or higher, and a much thinnerL00 um) overcoat 10* S/cm. This value is much smaller than that suggested
layer of a much lower nominal conductivitg=10" S/cm by the_ suppliers. Even if this value is of the same ord_er of
or less). The dielectric relaxation time (for details, see ne)!pagnltude as the one suggested, the aqtual ".0“‘?‘96 in the
section) of the elastomer layer is of the order of ¢ /o ~1 non-exponential tail (for t > 1sec) can differ significantly
usec, (where is the permittivity), and is about three ordersfrom that expected from the RC model.

of magnitude shorter than the dielectric relaxation time of This discrepancy between the RC circuit theory and

the overcoat layer. Therefore, the voltage across the m”&xpenmental observations arises because the electrical

coating is essentially dominated by the voltage across tH%roperties .Of the materials are specified only by r_e_sistance R
overcoat layer, in spite of the smaller thickness. Th(frlnd capacitance C, (or, e_quwalenfcly, by perm|tt|\$|_t3and
' conductivity ).  In fact, in materials of present interest,
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(classified as "semi-insulators”), the dielectric relaxation isonduction currents@) at x = 0, and (L) at x = L. For
controlled by three additional factors: (a) efficiency ofexample, it is conceivable that these currents depend
charge injection from the surface and the substrate, (b) ratdinearly on the fields at x = 0 and x = L, respectively; then,

100 J(0) =sE(0);  J(L) =sE(L) )

where sand s are the proportionality constants which have
- the same dimension as conductivity.
i The above set of equations can be solved by numerical
S 10 + iteration, starting with the initial conditions that:
PO E(x, 0) = E= Vj/L; Q0) =¢E;
‘_g - a,(x, 0) =-q,(x, 0) = q; q(x, 0) =0. )
> 1+ where g denotes the free charge density at equilibrium, with
F which the sample conductivity is given by,c = (u, +
" un)qe‘
I The typical values of various parameters in materials of
0.1 S S SR present interest are listed below.
0 1 2 3 e ~ 2x 10" flcm; L~ 10° cm
Time (sec) sC=g/L~2x10" flcm
Figure 4. ECD experimental results on three representative CR. o~ 10"S/cm; p~ 10" cnf/V-sec

A = ~ 7

of field induced charge generation in the bulk of the sample, 0, = /2y ~ 5x 10" coul/en
and (c) mean life-time of charges before being trapped. The V,~ 100 V; E =V/L ~10'V/cm
first two contribute to the voltage decay, while the last A — - 9
prevents the decay from being completed. Qe = eEy= 210" coulfen (10)

A complete treatment of dielectric relaxation applicable ~ With these typical values, the layer density of charge at
to semi-insulators starts with the expression of the totatquilibrium is of the same order of magnitude as (or greater
current J as the sum of conduction and displacementhan) the initial surface charge density;Q

4
currents, Q. =gl ~ 5x10° coullent >~ Q, (11)
J = W0+ ng)E +e(@E/ oY) =0 4) Similarly, the nominal transit time, (i.e. the time required

where u and q denote the charge mobility and densityforf.a é:r:)arge to transit the layer at the initial fielg), E
respectively, with the subscripts p and n referring to positivgie ined by,

and negative charge species, respectively. The total current t,= L/uE,~ 10’ sec > 1, (12)
vanishes because of the open circuit condition of ECD
measurements. Noting that the integral of field E over th%‘?
sample thickness L vyields the surface voltagg &n '
integration of Eq.(4) gives the voltage decay rate as,

of the same order of magnitude as (or longer than) the
electric relaxation time, =¢/c ~ 2x 10° sec. These two
conditions, Q > Q,, and } > t, are the characteristic
features of dielectric relaxation in semi-insulators.
dVS/dt:—(lt)f OL (1,0, + 1,0, Edx (5) In the following, representative numerical results of
dielectric relaxation in semi-insulators, which demonstrate
the deviations from the exponential decay, Eq.(3), are
presented and discussed.

oq/ot =-0(ugE)ox + G(E)-¢gr, (6) Figure 5 shows the calculated voltage decay with time,

d imil tion for th i h densit for the case of & Q,, with various injection rates. The
and a simiiar equation for the negative charge dengity qvoltage is given in units of the initial value,\and the time

Here G(E) represents the rate of field-induced chargph units of the nominal transit timgdefined by Eq.(12). It

gen_?_ranon,danotptand Thn denote the tr.“e";‘” llltﬁ't'rge f(_)tr ii assumed that the mobilities of positive and negative
posiliveé and negatve charges, respectively. € density @ arges are equal, and that the field-induced generation and

trapped charges icreases with time according to: trapping are negligible. The injections from the two

dg/ot= g/t +q/t, (7) boundaries are assumed to be symmetrical, and the
. . ) _ parameter values,=ss, are varied from 0O to 10, in units of
_At any instant of time, the field E is governed by g,y /1 3 (~2x 10" amp/Vsec). The physical meaning of
Poisson's equation, with the boundary condition that theyis ynit value will be clear from the features of the decay
surface field is, E(0) = & . curves discussed below.
The injection of charge from the surface and the i can pe seen that an exponential decay with a time
substrate can be specified by the expressions for ﬂl‘?onstantrr (= /2, in this example), predicted by Eq.(3), is

The time evolution of local charge densitiegxd) and
g,(x,t), can be calculated from the continuity equations:
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realized only when the injection parameter,iss =1. For The consequences of limited charge life-tinag €, <
charge injection less than this rate, the decay is slower that) are illustrated in Fig. 7. Even with both contacts being
exponential. The electrode contacts that can provide th@hmic (§= s = 1), the curves show that the decay cannot
unit injection rate are commonly referred to as "Ohmidbe exponential unless the life time is = t, >10t. A

contacts". distinct feature of trap-limited decay is that tgF 1, < t,
the voltage decays to a quasi-steady (residual) value in a
1.E+0 —~ few transit times t The residual voltage increases as the
T:le life-time decreases.
ng gen.rap Similar V-t plots can be obtained for the case of voltage
wi515/2 | decay caused by field induced charge generation. They are
not included here because the mechanism is less likely to be
© I operative in CRs.
(o))
S 1E1+
S f I 1.E+0 A ot
I i 0.3
- N B Tp! Tn:
3]
- 1
LE2 T g 1e14
0 1 2 3 4 5 9 - ge=1
Time i up=un
| 3 so=s1=1
Figure 5. Voltage decay by symmetric injection. i =100 0 o gon
In fact, the injection is unlikely to be symmetrical in the LE

cases of present interest, because the two boundaries ar
contact with different media (virtual electrode with corone 0 1 2 3 4 5
charged surface at x=0 and conductive elastomer/mef
electrode at x=L). This introduces another cause for nol
exponential decay as shown in Fig. 6. In Fig. 6, th_
parameter for injection from the (corona charged) surface is Figure 7.Voltage decay with limited charge life-timegst |
assumed to have a small valugs 6.1, and the parameter (in units of §)

for injection from the (conductive) substratgis varied.
The other parameter values are identical to those of Fig. 5.
It can be seen that with this weak injection at one contact,
the decay can never be exponential (the dashed line) as The experimental ECD data in Fig. 4 show that, in

Time

Conclusions

given by Eq.(3).

1.E+0
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Voltage
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Figure 6. Voltage decay for asymmetric injection.

Time

15

general, the voltage decay in CR coating does not follow the
exponential time dependence. The results of the numerical
simulations shown in Figs. 5-7 demonstrate that this
deviation from the prediction of the RC equivalent circuit
theory can be accounted for either by different degrees of
charge injection or by charge life time, or by a combination
of the two. Although a unique determination of the extent
of each mechanism is not easy, it is clear that the traditional
specification of the electrical property of the coating by its
conductivity (or resistivity) is not sufficient to predict
dielectric relaxation, and hence, CR performance. On the
other hand, the ECD technique and the associated
automated test equipméntan provide an efficient and
physically significant evaluation of CR performance.
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