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There has been much recent interest in the determination of drift-mobility (p) —lifetime (~) prod-
ucts in amorphous semiconductors by various measurement techniques. Although most measure-
ments have utilized time-of-flight types of transient-photoconductivity experiments, xerographic
measurements have also been used, since they provide a clear measurement of the residual potential
VR, i.e., the electrostatic potential on the surface of a high-resistivity solid, due to trapped charges
in the bulk. This paper identifies and critically examines the theoretical problems involved in the
determination of p~ from such xerographic measurements. The deep-trapping model of Kanazawa
and Batra, which relates the residual potential to the p~ product, is reformulated by specifically in-
cluding the effect of the rate of trapping as being proportional to the instantaneous unoccupied den-
sity of traps. The latter description had been neglected in previous models of deep-trapping kine-
matics. A partial differential equation is derived that describes the space and time evolution of the
electric field within the material. By numerically solving the differential equation and integrating
the electric field, the residual potential VR has been related to the p~ product. It is found that V&

depends not only on the p~ product but also on the capture coefficient to the microscopic mobility
ratio, C, /po. Universal curves relating V& to the p~ product and parametric in C, /po have been ob-
tained that clearly show the importance of including the effect of trap filling in the theory. Further-
rnore, it is shown that the p~ product cannot be uniquely determined via xerographic measurements
unless (eC, /epo) «1, where e is the permittivity of the material. Xerographic first-cycle residual-
potential experiments in conjunction with interrupted-field time-of-Aight (IFTOF) transient-
photoconductivity measurements have been carried out on vacuum-deposited pure a-Se and
chlorine-doped a-Se:0.3 at. % As alloy films to experimentally correlate the residual potential with
the p~ values. It is shown that the Kanazawa-Batra universal curve is completely inadequate in
describing the present experimental Vz versus p~ data, by as much as a factor of 5, whereas the
theory developed herein can account for the experiments, provided that the capture coefficient C, is
1.22X 10 cm s '. The limitations of the present model and its implications are also addressed.
The simple range-limited transport concept of Warter leading to the expression V& =L /2p~ for
the residual potential under weak-trapping conditions has been found to predict the residual voltage
surprisingly well and to within a factor of 2. By carrying out cycled-up xerographic residual-
potential experiments on the same films for which the deep-trapping times have been determined,
the capture radius of deep hole traps in a-Se and chlorinated a-Se:0.3 at. % As films have been deter-
mined. Application of ballistic and diffusional trapping models of Street to the IFTOF lifetime and

0
cycled-up residual-potential data imply capture radii of 2 —3 A for both pure a-Se and Cl-doped 0.3
at. % As alloys. The first-cycle residual-potential model developed herein in combination with

0
IFTOF results, however, leads to capture radii of -20 and 85 A for ballistic and diffusional cap-
ture, respectively. The results are discussed in terms of valence-alternation-pair (VAP) and
intimate-VAP (IVAP) centers in amorphous semiconductors. The energy spectrum of the density of
localized rnidgap states for both a-Se and Cl-doped a-Se:0.3 at. %%uoA s film shav ebee nobtaine dvi a
the xerographic-spectroscopy technique of Abkowitz and Markovics.

I. INTRODUCTION AND BACKGROUND

The performance of many amorphous semiconductor
devices, for example, xerographic photoreceptors and so-
lar cells, is directly related to the range of the charge car-
riers, ' which is defined as the drift mobility (p) and life-
time (r') product, pr'. There has been, therefore, much
recent interest in the determination of charge-carrier
ranges in amorphous semiconductors by various mea-
surement techniques. Although most measurements have

utilized the time-of-Aight type of transient-
photoconductivity experiments, xerographic measure-
ments have been also used since they provide a clear mea-
surement of the residual potential, i.e., electrostatic po-
tential on the surface of a high-resistivity solid, due to
trapped charges in the bulk.

In xerographic measurements, as illustrated in Fig. 1,
the sample is corona charged to a voltage Vo and then ex-
posed to a short-wavelength (absorption depth 5«L)
step illumination. At the end of the illumination there is
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where L is the sample thickness. A more general descrip-
tion of the deep-trapping phenomenon during discharge
involves solving the charge transport, continuity, detailed
balance, and Gauss's equations within the material sub-
ject to appropriate boundary conditions. Kanazawa and
Batra (KB), with certain assumptions, have solved the
general equations and provided a universal curve that re-
lates the normalized residual potential v~ = V~ /Vo to the
normalized trapping time ~=~'/to, where to is the transit
time defined by L /pV0. Their universal curve thus al-
lows p~' to be determined from the measurement of the
residual potential at any charging voltage Vo. In a
different paper, ' Kanazawa and Batra also quote,
without proof, an approximate implicit relationship be-
tween V~ and p~' which, for weak trapping, is of the
form,
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FICx. 1. A simple illustration of the xerographic experiment.
The sample is first corona charged to a voltage Vo and then ex-
posed to step illumination. At the end of the illumination pro-
cess, the remaining surface potential V~ is measured. PIDC is
the photoinduced discharge characteristic of the photoinsulator.

a measurable surface potential, termed the residual po-
tential Vz, due the bulk trapped charges. If positive
charging is used, then Vz is due to trapped holes in the
bulk of the specimen. The decay of surface potential, i.e.,
V(t) versus t, during the illumination period is called the
photoinduced-discharge characteristics (PIDC) of the
photoconductor and has been extensively studied both
theoretically and experimentally. The simplest
theoretical model, based on range limitation and weak
trapping (Vz ((Vo), relates VR to pr' via the Warter
equation

Vz =L /2pr',

V~ =(L /2pr')[ —ln(2V~/Vo)] . (2)

I=i
2 /i, =i ( T~ ) /i ( T, ) =exp( —b t /r' ),

where i (t) is the instantaneous photocurrent and r' is the
mean lifetime wich represents the trapping effect of local-

When compared with the Warter expression, Eq. (2)
has the additional factor [

—ln(2V~ /Vo)] which can be
quite significant since V~ && Vo. It is apparent that an
accurate p~' determination from the residual potential
must involve the KB universal curve since this is based
on the most rigorous formulation of deep trapping during
the discharge process. In Sec. II we will identify the
problems associated with the various models, in particu-
lar the KB universal curve, currently used for p~' prod-
uct evaluations. In Sec. III, the KB model will be refor-
mulated and a partial differential equation will be derived
which describes correctly the space and time dependence
of the electric field within the sample.

The time-of-fiight (TOF) transient-photoconductivity
(TP) technique is now widely used as a standard experi-
mental method for studying charge transport in high-
resistivity solids. Both the principle and the experimental
requirements for TOF measurements have been exten-
sively reviewed by numerous authors" ' who have also
cited various applications of the technique to some
specific materials. Recently it has gained further interest
from the scientific community for characterizing charge
transport in a-Si:H, chemically modified chalcogenides,
and various polymeric materials. In general, the TOF
measurement cannot be used directly to determine the
charge-carrier lifetime ~. When the carrier lifetime is
less than the transit time, to =L /p V, where V is the ap-
plied voltage, then the transport is range limited and the
photocurrent decays rapidly without evincing a discerni-
ble transit time. When the lifetime, however, is much
longer than the transit time, the observed photocurrent
gives essentially no information on the carrier lifetime.
The trapping-time measurements based on the conven-
tional TOF technique generally rely on what is called the
Hecht analysis. ' As the applied voltage is reduced the
transit times become comparable to the deep-trapping
time and the transport approaches the range-limited
response regime. The carrier lifetime can then be deter-
mined via Hecht analysis of the TOF signal as demon-
strated for various materials. ' Recent lifetime measure-
ments on a-Si:H and a-Si:Ge:H have essentially employed
a Hecht type of analysis. The latter technique be-
comes much more difficult and unreliable when the quan-
tum efficiency is strongly field dependent, or when the ap-
plied field is comparable to any built-in field that might
arise ifp-i-n type of structures are used.

The transient-photoconductivity technique can still be
used to determine the carrier lifetime by operating the
TOF method in the interrupted field mode (or interrupted
transit time mode) as demonstrated in Refs. 24 —26. Dur-
ing the Aight of the photoinjected carriers, at time t = T, ,
the applied field is removed for a certain interruption
time At and reapplied again at time t = T2 to collect the
remaining carriers. The fractional change I in the
recovered photocurrent is related to the lifetime via
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ized states with release times w„much longer than the in-
terruption time; ~„))b, t. The interrupted-field TOF (IF-
TOF) technique has a number of experimental difficulties
but represents one meaningful way of studying charge-
trapping kinematics. Through Eq. (3), it allows the car-
rier lifetime to be readily determined. Its distinct advan-
tages for charge-trapping studies have been only recently
demonstrated by the present group. In this work, the
IFTOF technique is employed to evaluate the pw' prod-
ucts of the a-Se and Cl-doped a-Se: 0.3 at. % As films
used in xerographic experiments since it provides an in-
dependent and unambiguous determination of p and w'.

Using the lifetime determined from the IFTOF tech-
nique, the residual potential is predicted from the deep-
trapping kinematics model developed herein and com-
pared with the experiments. Combined studied by IF-
TOF and xerographic measurements are then used to
evaluate the capture coefficient within the present models
of charge trapping in amorphous semiconductors.

II. DEFICIENCIES OF PRESENT RESIDUAL
POTENTIAL MODELS

It is instructive to bring to attention the deficiencies in
the present theories relating to the residual potential to
the p~' product. The simplest relation derived by War-
ter, i.e., Eq. (1), has been recently found to predict the ac-
tual p~' product remarkably well as checked by IFTQF
measUrements. The agreement is in fact surprising
inasmuch as the proof of Eq. (1) is based on range-
limitation concepts and does not involve the formulation
and solution of charge conduction, trapping, continuity
and Gauss's equations in the material. It simply assumes
that the charge per unit area on the surface, e Vo/L„ is in-
jected and a fraction, to/~' or L /p~'Vo, of this becomes
uniformly trapped in the bulk giving rise to the surface
potential of Eq. (1). It has been recently used, for exam-
ple, for determining p~ in a-Si:H from the xerographic
residual potential.

The theory of Kanazawa and Batra (KB) is based on
solving the charge conduction, trapping rate, continuity,
and Gauss's equations in the material subject to the ap-
propriate boundary conditions. It is assumed that the
rate of trapping is proportional to the concentration of
deep traps and that the latter remains constant
throughout the discharge process, i.e., deep-trap concen-
tration X, is much greater than the trapped-hole concen-
tration p,

' at any point throughout the whole discharge
process. The final result of their calculations is a univer-
sal curve relating the normalized residual potential
vz = Vt, /Vo to the normalized lifetime, ~=r'/to, valid
for any illumination profile as long as Vz is measured
when the electric field at the surface is zero and it has
reached steady state everywhere in the material. During
the course of xerographic experiments, the present au-
thors noticed that for a given p~' product as determined
from the IFTOF technique, the universal curve predicts
residual potentials that are almost an order of magnitude
higher than actual measured residual potential as well as
that expected from the Warter equation. This discrepan-
cy is also apparent in the literature. For example, Ab-

kowitz and Enck ' measure a residual of 1.8 V on a 48-
pm-thick a-Se film charged to 200 V. The drift mobility
and lifetime values for the same film were 0.16
cm V 's ' and 44 ps. With the latter values, the KB
universal curve predicts a residual of 6.8 V, whereas the
Warter equation gives 1.6 V in surprisingly good agree-
ment with the experiment. Equation (2), on the other
hand, gives 4.9 V. It should be mentioned that the
present authors observed almost identical p, ~', and
residual-potential values on a number of a-Se films in this
laboratory. It is therefore clear that there is a need to
identify the shortcomings of the KB model and reformu-
late the theory to properly account for the observed re-
siduals. In this connection, one can immediately identify
one major drawback of the KB analysis. According to
the KB model, the final space-charge distribution in the
sample is such that the top 30% of the specimen has a
normalized charge density, ep,'L /e Vo, of about —1

when r= 1, i.e., r'=to (see Fig. 3 in Ref. g). Thus the
trapped-charge concentration in this case is given by

p,'=e Vo/eL =e/ep~'=eC, X, /epo,

where trap controlled charge transport has been assumed
so tllat p7 =@pro=pa/C&Nt po is the microscopic mobil-
ity, ro is the lifetime in the absence of shallow traps (i.e,
ro= 1/C, N„and C, is the capture coefficient. For the
universal curve to be valid, the KB assumption of
p,'«N, must hold, which from Eq. (4), requires the fol-
lowing condition:

gC, /epo«1 .

From Eq. (5) it may be surmised that the assumption of
negligible trap filling and thus the validity of the univer-
sal curve will be suspect when the microscopic mobility is
small and/or the capture coefficient is large. This point
will be critica11y examined in Sec. V.

In the next section, the discharge in the presence of
shallow and deep traps will be reformulated to derive a
more rigorous differential equation for the space and time
dependence of the electric field.

III. DEEP-TRAPPING KINEMATICS
IN XEROGRAPHIC EXPERIMENTS

To reformulate the KB model, it will be assumed that
the photoconductor is positively charged and that
electron-hole pairs are photogenerated very near the top
surface. Holes are thus transported through the material
toward the grounded substrate as illustrated in Fig. 2.
During their transit across the film, holes are assumed to
interact with a set of shallow traps at an energy g, and
become deeply trapped at localized states at an energy
level gd. Defining p'(x', t') as the free-hole concentration
in the transport band and p,'i(x', t'),p,'(x', t'), as the
trapped-hole concentrations at energy levels g, and gd at
point x' at time t', the following general equations thus
hold.

(a) Conduction equation

J,(x', t') =epop'(x', t')E'( ', t'),
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couples the space and time derivatives of E'(x, t) as
shown below. It has a profound effect on the final
electric-field distribution within the material.

In the above equations J,(x', t') is the conduction
current whereas J ( t ') is the total current which in the
xerographic experiments is zero; the surface potential is
monitored with the sample grounded at one end only
(Fig. 1). Thus the result of xerographic experiments is
the instantaneous space integral of the electric field
across the sample whereas, in contrast, in time-of-Aight
transient-photoconductivity experiments the total current
J(t) is monitored.

It is convenient to convert the above equations to di-
mensionless variables by defining

where J,(x', t') is the conduction current density,
E'(x', t') is the electric field, and po is the conductivity
(microscopic) mobility.

(b) Maxwell's equation for the total current

J(t')= J, (x', t')+eBE'(x', t')Iat',
where e =@,eo is the permittivity of the medium.

(c) Gauss's equation in point form

BE'(x', t')Iax'=(e le)[p'(x', t')

(7)

FIG. 2. Schematic energy-band diagram representing
xerographic photodischarge process. The localized states at g,
and gd correspond to shallow and deep traps, respectively. t,
and t„are the capture and release times associated with g, and

ro is the trapping time into gd.

x =x'/I,
t=t Ito,

p (x, t) =eLp'(x', t')CVo,

p»(x, t) =eLp,', (x', t')/CVo,

p, (x, t)=eLp, '(x', t')/C Vo,

E(x, t)=E'(x', t')IEtI, Eo = Vo/L,

j,(x, t) = t,J, (x', t') ICV, ,

r =r'/to,
r' =ro/8 = I/(8&, C, ),
o= 1/C, N

and

c =eC, /epo=e8C, /ep,

(12a)

(12b)

(13a)

(13b)

(13c)

(14)

(15)

(16a)

(16b)

(16c)

(17)

+p„(x', t')+p, (x', t')] .

(d) Continuity equation

Bp'(x', t')/Bt'= —(1/e)BJ, (x', t')/Bx'

—ap,'(x, t )/at

in which Bp„(x', t') IBt =0, i.e., traps at g, are shallow.
(e) Rate equations without detrapping from gd are

(8)
where p =Opo is the shallow-trap-controlled drift mobili-

ty, to =L IpEo is the transit time, Eo = Vo/L is the ini-

tial field, C =e/L is the capacitance per unit area, and Vo

is the initial voltage. The quantities ~ and c represent
normalized shallow-tvap-contolled lifetime and capture
coefficient.

Equations (6)—(10) can now be recast into dimension-
less forms

Bp,'(x', t') IBt' =p'( ', t')C, [N, —p,'(x', t')],
Bp,', (x', t')IBt'=p'(x', t')/t, —p,', (x', t')/t„

(10)

=0,
where N, is the deep-trap concentration, C, is the capture
coefficient, t, is the capture time into shallow traps, t, is
the release time from shallow traps, and t„»t, . The
capture-to-release time ratio, t, /t„ is termed the
shallow-trap-controlled reduction factor 0, and the quan-
tity 1/N, C, is the deep-trapping time denoted by ro.

It is important to emphasize that Eq. (10) does not
make the usual assumption of N, »p, so that the second
term can be neglected as in the KB formulation, In fact,
this second term depends on the product of p,'p' and thus
makes the rate equation nonlinear with the result that it

8j,(x, t) =p (x, t)E (x, t),
j,(x, t)+BE(x,t)/Bt =0,
BE(x,t)/ax =p (x, t)+p, (x, t) +p„,
ap(x, t)/at = BJ,(x, t)/ax ap—, (x, t)/at, —

8ap, (x, t)/Bt =p(x, t) /7. cp(x, t)p, (x, t), —

p(x, t)=8p„(x, t) .

(18)

(21)

(23)

Clearly, c is the coefficient of the cross-product term
since it appears in pp, . It couples BE/Bx with BE/Bt via
Eqs. (18)—(20) and thus serves as a coupling factor in the
final differential equation. By eliminating p(x, t), p, (x, t),
p»(x, t), and j,(x, t) in Eqs. (18)—(23), it is not difficult to
derive a partial differential equation for E(x, t) only. The
result is a nonlinear second-order partial differential
equation that describes the variation of the electric field
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as a function of x and t, viz. ,

E(B E/Bt )+E (B E/BxBt) —(I+c)(BE/Bt)

c(—BE /Bx )(BE/Bt )+ ( I /r)E(BE/Bt ) =0 . (24)

In deriving Eq. (24) we made the usual assumption that
8((1. Equation (24) is the partial differential equation
that describes not only the PIDC, inasmuch as it is ap-
plicable at all times, but also the final electric field in the

sample when the surface charge has been depleted by
photoinjection. It should be remarked that in the pres-
ence of shallow traps the effective-capture cross section
and mobilities are OC, and Opo so that the measured life-
time ~' is enhanced with respect to the shallow-trap free
lifetime ~0 by 1/0. Note also that ~' is defined as the
effective lifetime in the trapped space-charge free materi-
al, i.e., before the photodischarge. Although, a discrete
manifold of shallow traps was employed in the develop-
ment of the theory, a distribution of shallow traps up to
some energy g, from the valence band will essentially
have the same effect provided that the longest release
time t„ from the shallow traps is such that it is much
shorter than the transit time, i.e., t «ta. Thus, in the
presence of a shallow distribution of localized states de-
scribed by a density of states, N(g), the shallow-trap
reduction factor 0 is given by

1/e= f [N (g) /N, ]exp(g/kT)dg (25)
0

which essentially introduces only a temperature-
dependent numerical factor into transport and trapping
parameters, p and ~'.

The solution of Eq. (24) subject to the appropriate
boundary conditions will give the electric field at position
x at time t. Equation (24) with c =0 reduces to that de-
rived by Okuda et al. when release from deep traps is
neglected. If the electric field at the surface is zero at
time t = t ], then the normalized residual potential
U~ = V~/Va is given by

v~ = f E(x, t, )dx . (26)
0

The necessary boundary conditions imposed by the ex-
perimental conditions in the present case are

p (x, O) =0,
p, (x, O) =0,

(27a)

(27b)

E(O, t)=[1—(1—m)Kt]' " ', m&1

(EtO)=e px( Kt), m =1 . —
(28a)

(28b)

For the present calculations, it is assumed that I =
—,
'

E(x,O)=l . (27c)

Furthermore, the current j,(O, t) is proportional to the
quantum efficiency g, which in turn depends on the elec-
tric field so that it is appropriate to write

j,(O, t)=KE(O, t), where K is a constant that includes
the illumination intensity and m is an index defining the
electric field dependence of g, i.e., g-E(O, t) The flux.
dependence of the quantum efficiency is neglected in this
work. Thus, at the surface, at any time,

so that the electric field at the surface vanishes at a well-
defined time, i.e., when t=t& =2K. Moreover, I =

—,
' is

also a reasonable index for the electric field dependence
of g. Note that rn =0 is tantamount to a field-
independent quantum efficiency which is not generally
the case. If the residual potential is measured when
E(O, t)=0, say in practice at time t'=2 sec, then
K = 10 which is also the value used by Kanazawa and
Batra. With the above boundary conditions, the partial
difFerential equation (24) can be solved numerically to ob-
tain E(x, t, ) and hence vz. In this work, Eq. (24) was
solved numerically subject to the above boundary condi-
tions by using Taylor expansions for the derivatives. The
results from the numerical solution of Eq. (24) will be
presented along with the experimental results in Sec. V.

IV. EXPERIMENTAL PROCEDURE

The general experimental procedure for xerographic
measurements have been previously described by various
authors. ' ' ' . The present xerographic measure-
ment system uses an aluminum turntable to pass the sam-
ple through various xerographic steps as shown schemati-
cally in Fig. 3. The sample was charged at position 2 by
passing it under a scorotron. The surface potential was
then measured at station B by a Monroe electrovoltmeter
probe type 1009B connected to an electrovoltmeter type
144S-4. The output of the Monroe electrostatic voltme-
ter was interfaced, via a 12 bit A/D autoranging convert-
er, to an IBM-compatible microcomputer for data ac-
quisition, analysis, display, and storage. Following
charging, the sample could be exposed to either a xenon
Hash at C or step illumination at D. The xenon Aash ex-
posure could be either single shot or repetitive up to 100
Hz. Its output was passed through a 445-nm filter (band-
width 60 nm). A halogen light source with a blue filter
centered at 450 nm (bandwidth —150 nm) was used for
the step illumination. The output density from both the
xenon Aash and the halogen lamp was user adjustable.
The photon Aux arriving at the sample surface was deter-
mined by using a calibrated Si photodiode. Following ex-
posure, the residual potential was measured at position E
by a second Monroe electrostatic voltmeter. The turn-
table could be stopped at any point for any duration, for
the sample to be charged, exposed to illumination, or to
have its surface potential measured. Timing sequences
and periods were conveniently generated by using reed
relays and IC timers. Exposure, viz. , (flux)X(exposure
time), could be readily varied by either adjusting the flux
or the exposure time. The latter was contolled by an
electronic shutter.

Interrupted-field time-of-Bight measurements were car-
ried out as described previously ' by using a Schering-
type bridge network, illustrated in Fig. 4, to eliminate the
large transient voltages occurring at the switching on and
off times of the applied voltage. With the present ap-
paratus, using a totem-pole configuration of TMOS
transistors for switching, bias voltages up to 1 kV could
be interrupted so that the a-Se samples of xerographic
thickness could be readily examined. The IFTOF mea-
surement was carred out under a single-shot mode of



6696 S. O. KASAP et aI. 43

xc

w 1

TROSTATIC
VOLT~TER

HV
CONTROLLER

Xp

COOL
FA

SCOROT RON

IO Icv

HV SUPPLY

I.5 kv
GRI 0

SUPPLY

I

ELECTROSTATIC
VOLTMF TER

II fj COMPUTER
I 2 - 8 I T pATA DISPLAY

A/D
CPhlVERTER STORAGE AND

ANALYSIS

Xc = DC
hlOTOR

Xp = CONTROL

FIG. 3. A schematic diagram of the xerographic experiment.

operation and between each measurements the sample
was short circuited and rested in the dark for any bulk
space-charge buildup to decay. Small signal conditions
were maintained throughout all the measurements.

The a-Se films were prepared be conventional vacuum
evaporation techniques as described previously. Vitre-
ous selenium pellets, obtained from Noranda Technology

Centre, Pointe Claire, Quebec, were evaporated from a
directly heated Mo boat onto preoxidized Al plates held
at various substrate temperatures. By deliberately vary-
ing the preparation conditions, e.g., the substrate temper-
ature, or using different batch vitreous selenium pellets,
the deposited films could be made to exhibit hole lifetimes
varying over an order of magnitude. The variation of
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FIG. 4. A schematic diagram of the interrupted-field time-of-Aight transient-photoconductivity apparatus.
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hole lifetime from batch to batch, or as a result of
preparation conditions, is well documented. A small
number of Cl-doped a-Se:0.3 at. % As films were also
prepared by vacuum deposition so that a wider range of
hole lifetimes could be accessed in the xerographic and
IFTOF measurements. From the literature, it is known
that combinational doping of a-Se by 0.3 —0.5 at. %%uoAs
and 10—20 ppm Cl extends the hole range. ' ' The bulk
As content of the films were obtained by scanning elec-
tron microprobe analysis. Following deposition, the Al
substrate was cut into two pieces to provide two identical
a-Se samples for xerographic and IFTOF measurements.
For the latter, a semitransparent Au electrode was sput-
tered onto the surface of the specimen. Since one of the
films goes through an electrode deposition process, the
two films are not expected to be identical as far as
structural defects are concerned. The films were then
heated to about 35 C for 2 h, returned to room tempera-
ture, and annealed for several days. This identical
thermal treatment is expected to make the two films con-
tain similar concentration of structural defects. Amor-
phous Se is an ideal prototype material for the present
study because after prolonged annealing at room temper-
ature, its structure is in its well-relaxed state thus reduc-
ing the thermal hysteresis effects on the measured proper-
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FIG. 6. Semilogarithmic plot of the fractional recovered
photocurrent vs interruption time at various applied (interrup-
tion) voltages.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 5(a) and 5(b) displays typical conventional and
IFTOF hole photocurrent waveforms obtained on a Cl-
doped a-Se:0.3 at. %%uoA s filma t abia svoltag eof 1kV
where it can be seen that, although the conventional TOF
signal indicates essentially negligible trapping over the
transit time, in the IFTOF mode, the recovered signal is
clearly affected by deep trapping. Figure 6 shows a semi-

E
O

I 2

(b)

I I 1

TIME (5 pcs / div)

FIG. 5. (a) Conventional TOF hole photocurrent at a bias
voltage of 1000 V, (b) The photocurrent in (a) is interrupted for
a duration of At =40 ps. The interruption voltage is 1000 V as
in (a) whereas the photosignal is only about 80 mV.

logarithmic plot of the fractional recovered photocurrent
against the interruption period at varous bias voltages. It
should be noticed that the recovered photocurrent decays
exponentially, following Eq. (3), with a well-defined hole
lifetime ~' up to times extending to 500 ps, at least an or-
der of magnitude beyond typical transit times. It should
be mentioned that an exponentially decaying photo-
current behavior could only be observed under a low-
level injection condition on well and dark rested speci-
mens which were free of any bulk space charge. If the
samples were preilluminated even with weak white light,
or space charge was allowed to buildup during the mea-
surements by insufhcient resting between IFTOF mea-
surements, the observed decay in the recovered photo-
current deviated from the well-defined exponential behav-
ior and resembled I—t ' type of decay for times in ex-
cess of the transit time as reported in a previous paper.
Interruption of the photocurrent at different locations
within the sample showed that in bulk space-charge free
specimens, the hole lifetime was uniform across the speci-
men thickness as demonstrated previously. We believe
that the lifetime determinations from the exponential de-
cay of the fractional recovered photocurrent reAect the
true trapping behavior of the photoinjected holes. As a
further check, for those samples exhibiting considerable
trapping, hole lifetime determined from the shape of the
photocurrent under a low bias voltage (long transit times)
was found to be approximately the same as that from the
IFTOF measurement at high applied voltages. In addi-
tion, it was observed that the examination of the fraction-
al charge collected, i.e., integration of the photocurrent,
instead of the recovered fractional photocurrent, resulted
in almost identical lifetime values. Using IFTOF mea-
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FICx. 7. Typical semilogarithmic plots of the fractional
recovered photocurrent vs interruption time for three different
samples with different hole lifetimes. 6 and are pure a-Se
whereas 0 is chlorinated and 0.3 at. % AS alloyed a-Se.

surements, p and ~' were determined for all the speci-
mens examined in xerographic experiments. It is instruc-
tive to remark that the hole lifetime in Fig. 6 is at zero-
applied-field conditions. Figure 7 shows typical IFTOF
results on various a-Se and Cl-doped a-Se:0.3 at. % As

films where it can be seen that the hole lifetime depends
on the sample material.

With the samples charged to several hundred volts,
upon exposure it was found that the residual potential
was typically a few volts, usually in the range 1 —10 V.
The specimens studied, therefore, exhibited weak trap-
ping (V~ ((Vo). It was observed that provided the expo-
sure Aux was sufficiently large, Vz, was insensitive to the
light intensity but showed some dependence on the
charging voltage. Figure 8 displays the dependence of
the residual potential Vz on the light Aux N at a constant
charging voltage, where it can be seen that at the highest
light intensities Vz reaches a constant value independent
of the Aux. Furthermore, it was found that photoinduced
discharge by repetitive xenon Hash exposure resulted in
almost the same Vz values within experimental errors.
The dependence of the residual potential on the exposure
time t„ is shown in Fig. 9 under a constant high-intensity
step illumination. It can be seen that V„ is independent
of the exposure time which implies that under strong il-
lumination V~ is independent of the light exposure,
(4t,„). Moreover, over a time scale up to the longest ex-
posure time of 5 sec, the release of trapped holes is negli-
gible. These experimental observations are in agreement
with the general predictions of the KB theory that the
final residual potential should be independent of the light
intensity provided the surface charge has been dissipated
and the electric field has reached steady state in the sam-
ple. Figure 10 shows the dependence of the residual po-
tential on the charging voltage under a constant light-Aux
exposure (corresponding to a constant V~ at a given Vo
in Fig. 8). It can be seen that Vz increases with Vo as
qualitatively expected from the KB model. Figure 10
also shows the expected residual potentials from the
universal curve, Eq. (2), and the Warter equation using as
input lifetime values from IFTOF measurements. It is
apparent that the experimental points are surprisingly
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FICx. 8. First-cycle xerographic residual potential vs il-
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wavelength was 450 nm and the exposure time was 5 s.

FIG. 9. First-cycle residual potential vs exposure time at a
fixed photon Aux and identical initial charging voltages.
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FIG. 13. Normalized residual potential vs normalized life-
time data on two a-Se samples obtained by varying the charging
voltage. Lifetime data were obtained from IFTOF measure-
ments on the same samples.

IO

they shift downwards to lower residual potential values.
It is clear that a residual potential measurement at one
charging voltage, or indeed at a series of charging volt-
ages, i.e. , V~ versus V0, cannot be used to uniquely deter-
mine the p~' product. The latter finding is contrary to
the general consensus in the literature that p~' can be
readily determined via simple xerographic measurements.
We therefore find, strictly, a single xerographic measure-
ment in general cannot be used to accurately determine
the p~' product, unless c ((1.

Using lifetime values determined from IFTOF mea-
surements, it is possible to plot vz versus ~ from com-
bined first-cycle xerographic and IFTOF experiments as
indicated in Fig. 12, where each point corresponds to a
different a-Se sample. The immediate observation is that
all the experimental v~ versus w values fall around the
c =1 curve and hence imply that the lifetime variations
from sample to sample cannot be due to changes in the
capture process and thus must be due to the variations in
the integrated density of deep traps. Figure 13 shows
typical vz versus ~ points obtained by varying the charg-
ing voltage on a given a-Se film. Again, the experimental
values fall close to the c = 1 curve and the Warter line.

Typical results from the cycled-up xerographic mea-
surements are displayed in Fig. 14 for two a-Se samples
and one chlorinated a-Se:0.3 at. % As sample, with
different IFTOF lifetime values, where it can be seen that
the larger the first-cycle residual, VR&, the higher is the
saturated residual potential Vz . The saturated value
V~ corresponds to all the deep traps in the bulk being
filled and occurs typically after —100 xerographic cycles.
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FIG. 14. Typical cycled-up xerographic experiments on two
a-Se (A and B) and one chlorinated 0.3 at. % alloyed a-Se (C)
films. The first-cycle residual potentials are identified. The in-
set shows the dependence of the residual potential at the 100th
cycle on the cycling speed; Vz~ vs dN/dt.
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The trap-filling interpretation can be readily verified by
checking whether Vz shows any dependence on the cy-
cling frequency to exclude a dynamic equilibrium condi-
tion involving trap filling and emptying as illustrated in
the lower inset of Fig. 14. The saturated residual poten-
tial is then simply given by

VR =eN, L /2eoe„, (29)

where N, is the deep-trap concentration. The results
from the saturated residual potential can be used in con-
junction with IFTOF lifetime values to evaluate the cap-
ture radius of the traps. For ballistic capture of carriers
from the mobility edge, Street derives

1.6

1.2
CV

E
O0

0.8—

O 0.4—

I

0.5
I

1.5
I

2.5 3.5

~r~ = (ea /6k T)(pr'N, ) (30) 10 VR1pp I L (Vcm )

where rb is the ballistic capture radius and a is the
scattering length at the mobility edge. For diA'usional

capture, viz. , mean free path much smaller than the cap-
ture radius, using the Waite formulation, Street ob-
tains

FIG. 15. Reciprocal p~' vs V& /I plot of the IFTOF p~'
and the saturated residual voltage V& data. 0 refer to a-Se
whereas refer to 10—20-ppm Cl-doped 0.3 at. % As alloyed
a-Se films.

rd =(e/4rrkT)(pr'N, ) (31)

where rd is the diffusional capture radius. IFTOF and
cycled-up xerographic experiments essentially give p~'
and N, so that substituting for N, and rearranging,

I/pr'=(12~rbeoe„kT/e a)( Vz /L )

for the ballistic case, and

(32)

I/pr'=(Svrrdeoe„kT/e )( Vz„/L ) (33)

for the diA'usional case. It should be noticed that the
evaluation of the capture radius from the measured p~'
product does not depend on po within the two models
considered. Both rb and rd can be readily determined via
the slope of 1/p~' versus Vz /L plot as shown recent-
ly. Figure 15 shows the dependence of 1/p~' on
V~,oo/L for the various pure a-Se and chlorinated a-
Se:0.3 at. % As samples investigated in this work. It can
be seen that the data imply that p~' variations from sam-
ple to sample in a-Se are essentially due to variations in
the integrated deep-trap concentration rather than the
capture cross section. Furthermore, the deep-hole cap-
ture process in Cl-doped and 0.3 at. %%uoA salloye da-S e is
the same as that in pure a-Se but with a much lower in-
tegrated density.

Table I summarizes the capture radii calculated via
Eqs. (32) and (33) and the slope from Fig. 15. In the
ballistic case, the capture radius calculation depends on
the value assumed for the scattering length a. For

err~ =po/(pr'u, „N, ), (34)

which with po=0. 44 cm V 's ' from Abkowitz and
0

Pai predicts an r, of about 1 A. The latter value is too
small to represent trapping into a charged center, imply-
ing that either the estimate for po is to small or the mean
velocity of holes is much less than Uth.

The energy distribution of the deep localized states and
its variation from sample to sample can be readily studied
via the xerographic-spectroscopy technique of Abkowitz
and Markovics ' which simply monitors the rate of decay
of the residual potential at the end of the cycled-up ex-
periments. Figure 16 shows typical residual voltage de-
cay curves normalized with respect to the cycled-up sa-
turated residual potential for a-Se and chlorinated a-
Se:0.3 at% As samples. Notice that the decay of the re-
sidual potential occurs over a longer period of time for
the Cl-doped 0.3 at. % As alloyed a-Se films.

The xerographic-spectroscopy method assumes that at

0 0
a =5—10 A, rb is 2.5 —3.5 A. The diffusional capture ra-
dius, on the other hand, was determined to be 1.9 A. For
comparison purposes, the table also shows the various
capture radii in a-Si:H. It is instructive to mention that if
one uses a thermal velocity U,h =10 cms ' as in charge
transport in crystalline materials, the capture cross sec-
tion is then given by

TABLE I. Deep-trap capture radii.

Material/Trapping

a-Se, h+ trapping
a-Se, h+ trapping
a-Si H, e ~D
a-Si:H, h+~D

Ballistic (A)

2.5 —3.5 (a=5 —10 A)
17—24 (a=5 —10 A)
2.9 (a=10 A)
5.0 (a=5 A)

Diffusional (A)

1.9
85

1.3
4.8

Measurement method

IFTOF p~ and cycled-up residual V&

IFTOF p~, Vz&, and universal curves
TOF Hecht analysis by Street
TOF Hecht analysis by Street
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where dV/dt is the slope of the residual potential versus
time characteristic. Equation (35) was in fact derived by
Abkowitz and Markovics by applying Simmon's formula-
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FIG. 17. Semilogarithmic and log-log plots of the magnitude
of rate of discharge against time.

time t, the emission essentially occurs from a narrow
band of energies around g=kT in(vT) so that the density
of states X(g) is '

FIG-. 18. Density of states vs energy from xerographic-
spectroscopy experiments C from Fig. 16) for pure a-Se and
chlorinated and 0.3 at. %%uoA salloye da-S e films . Th e labels
3 —D refer to the same samples as those used in Fig. 16.

tion of charge-emission kinetics from an arbitrary distri-
bution of localized states to the xerographic case in
which the residual decay is due to the emission of trapped
holes. Application of Eq. (35) to the present residual po-
tential data is therefore subject to the limitations dis-
cussed by Simmons and Tam and Naito et al. Figure
17 shows a semilogarithmic and log-log plots of the decay
of the residual potential on a typical Cl-doped a-Se:0.3
at. % As film. It can be seen that neither a simple ex-
ponential nor a power-law time dependence can account
for the dark discharge. The former would result for
emission from a single discrete trap level whereas the
latter for emission from an exponential distribution of lo-
calized states. Figure 18 displays typical density-of-states
functions obtained by applying Eq. (35) to the data in Fig.
16 for two a-Se and two Cl-doped 0.3 at. % As alloyed a-
Se samples with di6'erent IFTOF lifetime values. It was
found that from sample to sample the peak of the distri-
bution for pure a-Se remained very close to 0.87 eV in
agreement with the previous measurements ' but the
peak density varied from sample to sample. For the
chlorinated a-Se:0.3 at. % As films, the peak was located
at almost 0.9 eV but with a peak density which was con-
siderably smaller than that for pure a-Se. Thus, chemical
modification of a-Se with Cl doping and 0.3 at. % As al-
loying results in a drastic reduction of the integrated
deep-trap density which is a technological advantage.
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VI. DETAII.KD DISCUSSION

~rb =C, ea /6pok T=e ac /e6k T, (36)
0

which with c=1 determined as above leads to 17 A.
Clearly, such a capture radius is approximately what is
expected if trapping occurs into an oppositely charged
center, for example into a Se& type of valence-
alternation-pair (VAP) defect. For the diffusional case,
C, and the capture radius are related by

rd =eC, /4~pokT=e c/4mekT, . (37)

which leads to a capture radius of 85 A. These capture
radii are included in Table I as they are a direct result of
the application of the model developed herein to the first
residual and IFTOF measurements without invoking the
cycled-up residual-potential result. The mechanisms that
may cause deep-trap generation during the xerographic
cycling need a detailed consideration of the physics of the
xerographic cycle and are not addressed in this paper. It
should be mentioned, however, that experiments have
been recently reported where xerographic experiments
with positive charging, immediately after negative charg-
ing, has resulted in much higher saturated residual poten-
tials, indicating that during the negative xerographic cy-
cling deep-hole traps were generated. No accepted ex-
planation currently exists for the observed phenomenon.

Another possibility for the major discrepancy may be
that the lifetime value from the IFTOF measurement is
much shorter than that relevant for xerographic measure-
ments simply because the two experiments access
different time scales. IFTOF experiments are usually car-
ried out over a time scale on the order of 0.1 —1 ms

Taking c=1 as an approximate result of the xero-
graphic residual potential measurements with ~ as input
from IFTOF experiments, we can readily estimate the
capture coefficient of holes in a-Se. From Eq. (17),
C, =epocle so that with po=0. 44 cm V 's ' and
e„=6.5, C, =1.22X10 cm s '. This value of C, im-
plies that the concentration of deep traps in a-Se must be
N, =po/pr'C, = 5 X 10" cm which is a factor of -20
less than typical integrated trap concentrations in a-Se
determined by the cycled-up xerographic measurements
both in this and previous works. ' It is therefore ap-
parent that although the residual-potential model
developed in this work can theoretically account for the
low residual potential measured with respect to the KB
universal curve, it requires the integrated concentration
of deep-hole traps to be 5X10" cm . Either the model
is inadequate and needs further improvement (for exam-
ple, the inclusion of release into the theory), or the in-
tegrated density of a-Se as determined from cycled-up ex-
periments does not reflect the true trap concentration.
The latter can arise, if during the xerographic cycling,
more deep trapes are created. In fact, this conjecture
would totally account for the first-cycle xerographic and
IFTOF experiments and also provide capture radii which
are more in line with trapping into charged centers. The
relationship between C, and the capture radius for ballis-
tic capture is

whereas the xerographic measurement time scale is about
1 —5 s. In an IFTOF study, traps with release times more
than —1 ms but less than 1 s will also contribute to ~
whereas they will be invisible in xerographic experiments.
The fact that VR evinced no apparent dependence on the
exposure times from 1 to 5 s (Fig. 9) indicates, however,
that this is unlikely to be the reason for the discrepancy.

At present there is therefore no physically satisfactory
theory to relate p~' to the residua1 potential even though
the latter is a reproducibly measured quantity reflecting
the result of deep trapping during photodischarge. It is
interesting to note that the Warter equation fortuitously
corresponds to the c = 1 case of the rigorous theory and
that it can predict the residual potential to within a fac-
tor of 2 given the p~' product or vice versa. It therfore
remains, at least empirically, to be a useful expression for
estimating p~' from a very simple xerographic measure-
ment.

These are two mutually exclusive conclusions from the
work. If the more rigorous deep-trapping kinematics
model developed in this work is valid, then the combined
study based on the first residual and IFTOF measure-
ments lead to a deep-trap ballistic capture radius of -20
A, which is indicative of trapping into an oppositely
charged center. Such charged centers occur naturally in
chalcogenides amorphous semiconductors as a thermo-
dynamic necessity of a negative Hubbard energy in these
glasses. As a corollary to this conclusion, one has to ac-
cept that cycled-up xerographic measurements do not
reflect the true concentration of deep traps in the materi-
al, perhaps, due to trap generation during xerographic
cycling.

If a combined study is made of IFTOF hole lifetime
and cycled-up residual potential measurements, taking
the latter as indicating the density of deep traps, then
both the original KB theory and more rigorous KB
theory developed herein must be considered as inade-
quate. The Warter expression then stands as a remark-
ably simply equation for determining the p~' product
from the first residual. The combined studies of IFTOF
and cycled-up residual potential then lead to a ballistic
capture radius of —3 A which is indicative of neutral
centers. The latter do not necessarily have to be
paramagnetic neutral centers since an intimate valence-
alternation pair (IVAP) would effectively look neutral to
a drifting hole. The question that remains then is the fol-
lowing: "Could the capture radius of an IVAP be as
small as 3 A?" A related question arises from the appli-
cation of the crystalline case equation to the calculation
of the capture radius, i.e., r, in Eq. (34). The capture ra-

0
dius in this case turns out to be —1 A assuming a micro-
scopic mobility of 0.44 cm V 's '. If the microscopic
transport process is in extended states below g'„ then the
estimate for the mean carrier velocity is not drastically
different from the thermal velocity so that r, is unreason-
ably small simply because the value of po assumed in Eq.
(34) may be not accurate. The estimate for po in a-Se
supposes that the hole conduction mechanism in a-Se is
shallow-trap-limited extended-state transport. It is ap-
parent from the present discussion that the calculation of
the capture radius is strongly model dependent with
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0
values in the range 2 —20 A as indicated in Table I. The
values for the capture radii determmed in this work en-
compasses trapping into neutral as well as charged
centers.

The energy distribution of the deep traps shown in Fig.
18 indicates that the energy location of the peak is at 0.87
eV for a-Se and 0.9 eV for chlorinated a-Se:0.3 at. %%uoAs
and does not depend on the preparation conditions. The
position of the peak at 0.87 eV for a-Se is in agreement
with the previously reported value. ' It can be seen that
the changes from sample to sample are essentially in the
peak value of the density of states. The half-energy
widths hg of the density of states are approximately
0.06—0.07 eV, viz. , -3kT. This, in turn, means that the
algorithm in Eq. (35) for evaluating N(g) is at its useful
limit since it applies to trap distributions which are wider
than 3kT. It should be remarked that the application of
Eq. (35) to emission from a discrete set of traps at an en-
ergy go results in a broad peak located at go with an ener-

gy width —3kT so that when N(g) versus g peaks from
the xerographic data have such widths, the experiments
cannot exclude trap emptying from a relatively discrete
energy level. ' In the present case, the lack of a simple
exponential decay for dV/dt versus t, as evidenced in
Fig. 17, means that it is unlikely that hole emission is
from a we11-defined discrete level, leading, therefore, to
the inference that the energy width of N(g) versus g must
be finite and less than 3kT. Note that possible retrapping
of emitted holes which occur at low voltages has been as-
sumed negligible. The latter phenomenon would reduce
the rate of emission and would therefore give the appear-
ance of a broader distribution. Thus, the rate of decay of
residual potential with time, when interpreted in terms of
Simmon s formulation of emission kinetics, points to trap
emptying from a very narrow-energy distribution of deep
traps with a width less than -3kT. It should be men-
tioned that Kubilius et al. have also examined the rate
of decay of the residual potential and have fitted to their
results trap emptying from an exponentially decaying en-
ergy distribution of traps with a characteristic width pa-
rameter 0.05 eV. Although the results presented herein
do not strictly support emission from an exponential den-
sity of states (see Fig. 17), which would result in a
dV/dt -t " type of decay, the total width of the distri-
bution obtained by Kubilius et al. , 28'-0. 1 eV, is com-
parable to that in Fig. 18.

VI. CONCLUSIONS

The Kanazawa and Batra model of deep-trapping kine-
matics in high-resistivity solids has been reformulated
taking into account that the rate of trapping is propor-
tiona1 to the instantaneous concentration of empty traps.
A new partial differential equation is derived that de-
scribes the space and time dependence of the electric field
within the sample. With the appropriate boundary con-
ditions, this partial differential equation is numerically
solved and the final electric field in the specimen is ob-
tained. It is found that the electric-field profile in the
sample depends strongly on the capture radius-to-
microscopic mobility ratio, eC, /epo. The magnitude of

the field decreases and its spatial dependence becomes
more linear as this ratio increases. By integrating the
electric field, it is shown that the normalized residual po-
tential (v„) versus normalized trapping time (r) behavior,
i.e., the "universal curve, " depends also on the eC, /epo
ratio. Universal vz versus ~ curves parametric in the ra-
tio eC, /epo have been derived which clearly show that
first-cycle residual xerographic potential measurements
cannot, in general, be used to determine the mobility-
lifetime product of the charge carriers unles
eC, /ego ((l.

Interrupted-field time-of-fiight (IFTOF), first-cycle
xerographic residual-potential (VR), and cycled-up sa-
turated xerographic residual-potential measurements
(Vz ) were carried out on identical a-Se and Cl-doped a-
Se:0.3 at. % As films. It was shown that the original
Kanazawa-Batra universal curve is completely inade-
quate in describing the present experimental V~ versus

p~ data, by as much as a factor of 5, whereas the theory
developed herein can account for the experiments provid-
ed that the capture coeScient C, is 1.22X10 cm s
and that the deep-trap radius is —17 A for ballistic cap-
ture and 85 A for diffusional capture. Although these ra-
dii are in line with the existence of charged trapping
centers in chalcogenide glasses, the model requires an in-
tegrated density of deep traps that is a factor of 20 less
than that determined at the end of cycled-up residual-
potential measurements. The simple range-limited con-
cepts of Warter leading to the expression V~ =L /2@~'
for the residual potential under weak-trapping conditions
was found to predict the residual potential surprisingly
well and to within a factor of 2.

By carrying out cycled-i p xerographic residual-
potential experiments on the same films for which the
deep-trapping times have been determined from the IF-
TOF technique, the capture radius of deep-hole traps in
a-Se and chlorinated a-Se:0.3 at. % As films were evalu-
ated. Application of ballistic and diffusional trapping
models to the IFTOF lifetime and cycled-up residual-
potential data imply capture radii of 2—3 A for both pure
a-Se and Cl-doped 0.3 at. Jo As alloys. Furthermore, life-
time variations from sample to sample have been atttri-
buted to variations in the integrated trap concentration
and not a change in the capture process.

The energy spectrum of the density of localized midgap
states for both a-Se and Cl-doped a-Se:0.3 at. % As films
were obtained via the xerographic-spectroscopy tech-
nique. The energy location of the peak of the localized
density of states was at 0.87 eV for a-Se and 0.90 eV for
Cl-doped a-Se:0.3 at. % As films, and insensitive to
sample-to-sample variations. The density of states at the
peak, however, was found to decrease with the hole life-
time. The energy width of the deep localized states was
narrow and less than -3kT but not a single discrete lev-
el.
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