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Xerographic techniques, initially developed to characterize photoreceptors, are widely applicable to the study of amorphous 
and photoconductive insulators in a relatively thin and thick film forms. Initially, the high electric field (105-106 V cm-1) due to 
corona charging is applied to sample films, and then the decay of the open-circuit surface potential is measured. The 
xerographic probe technique is a unique means to characterize electronic gap states. In particular, a map of states near 
mid-gap is determined by time-resolved analysis of the xerographic surface potential. 
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1. Introduction 
 
The time-of-flight methods are particularly important 

but they can not give sufficient information about the 
whole spectrum of states in the mobility gap of amorphous 
chalcogenides. Therefore, in addition to conventional 
time-of-flight (TOF), delayed field time-of-flight 
(DFTOF), xerographic time-of-flight (XTOF), interrupted 
field time-of-flight (IFTOF) [1-5], thermally stimulated 
conductivity (TSC) and thermally stimulated 
depolarization currents (TSDC) [6-16], other 
complimentary techniques which probe the gap states are 
needed. Xerographic techniques which were initially 
developed to characterize properties of 
electrophotographic (xerographic) photoreceptors [17], 
seemed to be direct, suitable, informative, powerful, and 
widely applicable for the study of amorphous thin films 
and photoconductive insulator thin films [18]. 

To investigate charge transport in photoreceptor 
materials, conventional time-of-flight and its various 
modifications mentioned above have been used. Below we 
have focused our attention on xerographic discharge 
technique. As the initial stage of this experimental 
technique it is necessary to charge the surface of the 
examined material to a relatively high voltage. For this 
purpose corona discharge is used. Therefore, before 
considering the principle of xerographic spectroscopy 
technique, we describe the construction and performance 
of different types of corona devices. 

 
1.1. Corona devices 
 
When a high voltage of several kilovolts is applied to 

a corona emitter, the field near the emitter exceeds the 
threshold field for air breakdown. Under this condition the 
molecules near the emitter become ionized. The ions may 

carry positive or negative charge. This depends on whether 
the emitter is at a positive or negative voltage. If insolating 
material which is supported by earthed metal is placed 
close to the corona emitter, some of the generated ions 
migrate to the floating surface of the sample and increase 
or decrease the surface charge density. 

To improve the charging performance, the grounded 
electrodes are placed around the corona emitter. The 
structure is called the corona housing and helps direct the 
ion current and holds the corona emitter. Screen greed is 
inserted between the corona emitter and the sample to 
provide better control of charging. This is the corona 
greed. Several variables are known which determine the 
efficiency of sample charging. Among these the most 
important are: 

(a) the uniformity of the charge deposited on the 
sample surface; 

(b) the amount of corona current which reaches the 
sample surface. 

Reasonably, the assessment of electrostatic 
characteristics of the sample examined depends on its 
particular applications. As for electrophotography, the 
following may be listed: measuring the charge acceptance 
(or the maximum surface charging potential), dark decay 
of the surface potential of the sample charged in darkness, 
light decay or photoinduced discharge (PID), and so-called 
residual potential (in other words, the potential which 
remains on the sample surface after photo-discharge. 

There are two, more or less exploited, types of corona 
devices – a pin corona discharge corona device and a wire 
corona discharge device. These devices are well-described 
by Vaezi-Nejad [19]. 

A pin corona discharge corona device shown in 
Figure 1consists of a stainless steel rod with a sharp 
conical tip as the corona emitter, a brass hollow cylinder 
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as the corona case and a Perspex cup as the corona emitter 
holder. 

 

 
 

Fig. 1. Schematic presentation of pin corona (dimensions in 
centimeters) [19] 

 
 

Corona devices of this type have been used in the past 
(see e.g. [17]). Latter becomes clear that the electrostatic 
charging performance of pin corona is unsatisfactory. 

To measure the corona current distribution, the 
experimental apparatus of the type shown in Fig. 2 was 
devised. 

 

 
           

Fig. 2. An apparatus for current distribution measurements 
 
 

The most important component of this apparatus is the 
current sensing probe. This is a small aluminum disc (area 
= 1.77 mm2) placed in the centre of a relatively large plate 
(area = 4.2 × 2.6 cm2). The detecting disc is electrically 
insulated from the plate by a 0.75 mm air gap. As a 
disadvantage of a pin corona device it should be 
mentioned that the current distribution is not uniform. 

An alternative to pin corona is a single wire corona 
(Fig. 3). 

A wire corona basically consists of a hollow stainless 
steel cylinder (inner diameter = 3-5 cm, length = 10.7 cm 
and thickness = 0.16 cm) as the corona case with a 5.7 cm 
× 3.0 cm window. Two Perspex slabs of dimensions 5.5 × 
3.4 × 1.25 cm were used to hold the corona wire. 

 
 

Fig. 3. Schematic presentation of single wire corona. 
Characteristics and parameters: cylindrical case 
diameter = 3.5 cm; length of wire = 3.7 cm; wire 
diameter = 76 µm;  wire  to  window  spacing  =  1.0 cm;  
                  wire to back of the case distance 2.5 cm 

 
 

The primary requirement for a corona wire emitter is 
that it should produce ions by means of a corona discharge 
at a reasonable voltage which is typically 3 -7 kV. In order 
to achieve high electric field, the wire diameter must be 
small (less than 100 µm). As the material for corona 
emitter, tungsten is particularly suitable because of its 
resistance to the harsh environment created by the corona 
discharge such as ultraviolet light and various nitrogen-
oxygen compounds produced in the discharge. Another 
advantage of this material is that it is mechanically strong 
to resist breakage caused by the stress of stringing, 
handling and cleaning. The corona onset voltage of 1 kV 
was easily achievable. It is possible to improve a single 
corona (this type of corona device we have considered 
above) charging characteristics by adding an identical 
tungsten wire to the device thus forming a double wire 
corona discharge. The wires were 3.7 cm long and spaced 
by 0.5 cm one another [19]. 

In an attempt to find most efficient corona discharge 
device for xerographic spectroscopic purposes, it seems 
necessary, as Vaezi-Nejad did [20], examine various 
device configurations utilizing sharp pin/pins and 
wire/wires as the corona emitter. The schematic sketches 
of different corona devices are shown in Figure 4. 
 

 
 

Fig. 4. Corona devices with different configurations [20] 
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Experimental results obtained [20] illustrate clearly 
that devices based on thin wires provide a more uniform 
charge distribution and thus may be recommended for 
xerographic time-of-flight spectroscopy. In order to 
control the sample initial voltage, a biased grid is inserted 
between the corona emitter and the floating surface of the 
sample. 

After charging the sample, it is necessary to measure 
exactly the surface potential at various stages. These are 
the following. 
1. The initial voltage of the sample for 
calculation of drift mobility. 
2. The sample voltage after photoexcitation. 
One can estimate the total charge injected into the sample. 
This can be made subtracting the sample voltage (after 
photoexcitation) from the initial voltage. 

3. The final value of the sample voltage 
which is measured after photoexcitation. This is known in 
the literature as the residual voltage and it is due to 
deeply trapped photoinjected carriers when they transit 
across the sample. If the sample is repeatedly charged-
discharged, the residual voltage builds up with the number 
of cycles and saturates. In this case we deal with the 
saturated residual voltage and can extract information 
about the deep traps.   

After charging, the decay of the open-circuit surface 
potential is measured. From these measurements important 
information can be extracted. In last decades the 
xerographic probe technique becomes a very popular and 
unique means to characterize electronic gap states. In 
particular, a map of states near mid-gap is determined by 
time-resolved analysis of the xerographic surface potential 
[21,22]. 

 
 
1.2. Principle of Xerographic measurements  
        technique  
 
An optimal photoreceptor design will require, among 

many other factors, high charge acceptance, slow dark 
discharge, low first and cycle-up (saturated) residual 
voltages, and long carrier ranges (µτ). The later factor has 
been addressed above.  

In general, the dynamic behavior of 
electrophotographic potentials developed at two important 
stages in the xerographic cycle: immediately after 
charging in the dark (dark decay), and then immediately 
after photodischarge (i.e., residual decay). Both are 
extraordinarily sensitive to bulk space-charge fluctuations. 
In fact, 1012 cm-3 uniformly trapped electrons can, in a 
typical sample film, give rise to several volts of surface 
potential which is easily measured. From xerographic 
measurements, especially from time-resolved analyses, 
information can be extracted about electronic gap states 
which determined the photoelectronic behavior of 
amorphous chalcogenides. 

There are essentially three important types of 
xerographic behavior. They are generally termed: 
(a) the dark discharge; 
(b) first cycle residual  

(c) the cycle-up residual voltage.  
All must be considered in evaluating the 

electrophotographic properties, e.g. of a-Se and its alloys. 
It should be stressed that these three parameters is 
extremely informative in the sense to map band-gap states. 

In the sensitization-exposure part of the xerographic 
cycle, as illustrated in Fig. 1.4, a photoreceptor film 
mounted on a grounded substrate is charged to a voltage 
V0 by corona then completely photodischarged by 
exposure to strongly absorbed light (absorption depth  δ 
<< L). Both the top corona contact and the substrate 
contact should be blocking. The resulting capacitor-like 
structure contains a uniform field after charging in the 
dark. Illumination with strongly absorbed light creates a 
thin sheet of electron-hole pairs which separate under 
action of field. Depending on charging polarity one sign of 
carrier acts to neutralize charge on the top surface while 
the opposite sign of carrier drift through the bulk toward 
the grounded surface. As a result of this carrier 
displacement the surface voltage decays in time: this is 
called photoinduced discharge. Ideally, the surface voltage 
would decay to zero. What really happened is that some 
fraction of carriers becomes deeply trapped during transit 
through the bulk. Reasonably, at the end of the 
illumination, there is a measurable surface potential 
termed the residual potential VR. Space-charge neutrality 
is finally reestablished by thermally stimulated process but 
on a longer time scale. 

It should be noted that there is important information 
yielded at each stage of the xerographic cycle. This 
information consists in the following.  

1. By time resolving the charge delivered to an 
amorphous film from a corona, one can discern injection 
phenomena and measure dielectric parameters.  

2. By measuring the temperature-dependent dark 
decay of surface voltage, one can determine the energy 
distribution of thermal generation centers. This later 
technique or the measurements of the dark discharge 
depletion time, which is the time, required for the bulk to 
generate some fixed quantity of charge under isothermal 
condition, one can estimate the position of the Fermi 
energy. The details of depletion discharge we consider 
latter. 

 3. Analysis of photoinduced discharge can be used to 
determine the parameters which characterize 
photogeneration and transport processes. 

4. From analysis of residual buildup during repetitive 
cycling and from analysis of isothermal decay of 
xerographic residual after cycling ceases, it is possible to 
map the spectral distribution of bulk traps in an amorphous 
film.    

 Corona-mode xerographic measurements were 
carried out using a reciprocating sample stage. In 
operation the sample is first passed under a corona-
charging device, the corotron, which can be set to deposit 
either positive or negative ions on the sample surface. The 
charging circuitry is such that constant current can be 
supplied to the sample, simplifying the residual voltage 
cycle-up and in some cases xerographic time-of-flight 
data. After charging, the sample is moved to a measuring 
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station and the surface voltage is determined using a 
transparent, capacitively coupled electrometer probe. The 
time interval between termination of the charging and the 
onset of surface voltage measurement is a few tenths of 
seconds. Either the dark decay or the photoinduced-
discharge characteristic (PIDC) following step or flash 
illumination with strongly absorbed light, can be 
measured. After discharge, decay of residual potential can 
be time- resolved. The entire sequence of charging, 
photodischarge, and residual can be continuously recycled. 
As a consequence, one can observe the progressive, 
stepwise buildup of residual voltage. The contacts are 
blocking in the sense that they allow the samples to charge 
capacitively in the dark for both positive and negative 
corona.       

Dark discharge rate must be sufficiently low to 
maintain ample amount of charge on the photoreceptor 
during the exposure and development steps. A high dark 
decay rate will limit the available contrast potential. The 
residual potential remaining after the xerographic cycle 
must be small enough not to impair the quality of the 
electrostatic image in the next cycle. Over many cycles, 
the cycle-up residual potential should be small, to avoid 
deterioration in the copy quality after many cycles. 

 
 

Fig. 5. The xerographic measurements technique (schematic 
illustration) [18]. 

 
  

In the case of a-Se, these xerographic properties have 
been extensively studied by numerous authors. In addition 
to the magnitude of the saturated residual voltage, the rate 
of decay and the temperature dependence of the cycle-up 
residual potential are important considerations, since they 
determine the time required for the photoreceptor to retain 
its first cycle xerographic properties. 

Fig. 6 displays the simplest experimental setup for 
xerographic measurements. The rotating photoreceptor 

drum is charged at station A by a corotron device. The 
surface potential is measured at B, and the photoreceptor is 
then exposed to a controlled wavelength and intensity 
illumination at station C, following which its surface 
potential is measured again at a station D. In some 
systems, the surface potential is also monitored during 
exposure at C via a transparent electrometer probe to study 
the photoinduced discharge characteristics. Normally, the 
charging voltage, speed of rotation, and exposure 
parameters such as energy and wavelength are user-
adjustable. 

 
 

Fig. 6. Simplified schematic diagram of a xerographic 
measurement. The photoreceptor is charged at A and 
exposed  at  C.  Its  surface  potential is  measured before  
                     and after exposure at B and D [18]. 
 

 
 

Fig. 7. Typical photoreceptor behavior through 
xerographic cycles showing dark decay, first cycle 
residual potential Vr1, and cycle-up residual potential Vrn  
                               after many cycles [18]. 
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The residual potential can be related to the space-
charge density. For the case of uniform bulk space-charge 
of density ρ0, we may write [21] the simplified expression 
for residual potential Vr 

 
 Vr = ρ0L2/2ε0ε = Ne L2/2ε0ε,                     (1) 

 
where L is the sample thickness, ε is the relative dielectric 
constant, ε0 the free-space permittivity, N is the number 
per unit volume of electronic charges e. A relatively small 
density of surface or bulk-trapped charges on or in typical 
xerographic film can give rise to an appreciable surface 
voltage (Fig. 8) [21]. 
                           

 
Fig. 8. (a) Surface voltage Vs vs surface density of 
electronic charges (top). (b) Surface voltage Vs vs volume 
density  of  electronic  charges (bottom).  Both  computed  
         using Eq. 1 for a 50 µm thick film, ε = 6.4 [21] 

 
 

The µτ product where µ is the drift mobility and τ the 
bulk deep trapping lifetime can be determined from first-
cycle residual potential of a well-rested sample of 
thickness L. In the weak trapping limit (when the residual 
Vr is much less than the charging voltage V0) Kanazawa 
and Batra [23] derive the expression  
 

Vr/ V0 = (0.5 L2/µτ V0)[– ln(2 Vr/ V0).               (2)                                
 

The physically plausible expression derived by taking 
the residual to be that voltage for which the carrier range is 
nominally half the sample thickness  
 

Vr/ V0 ≈ 0.5 L2/µτ V0.                                                   (3) 
 

In the strong trapping limit (Vr ~ V0) Kanazawa and 
Batra [23] derive 
 

 Vr/ V0 = 1 – (µτ V0/ L2)(ln 2),                     (4) 
 
which differs only slightly from the expression based on 
the above physical definition of residual 
 

Vr/ V0 = 1 – (µτ V0/ L2).                           (5) 
 

It should be noted here that bulk deep trapping 
lifetimes computed from first-cycle residuals are in 
agreement with lifetimes measured in the time-of-flight 
mode under range-limited conditions. For example [21], in 
a-Se specimen with L = 48 µm charged to 200 V, hole and 
electron residuals at T = 295 K were found to be 1.8 and 
44 V, respectively. The measured drift mobility, lifetimes, 
and µτ products, for electrons and holes, respectively, are 
4.9 × 10-3 cm2/V s, 5 × 10-5 s, 2.45 × 10-7 cm2/V, and 0.16 
cm2/V s, 4.4 × 10-5 s, 7.04 × 10-6 cm2/V. The µτ product 
computed using Eq. (4) is 2.62 × 10-7 cm2/V for electrons 
and 6.4 × 10-6 cm2/V for holes [21]. 
 

1.3. Dark discharge in a-Se  
 
The surface potential of charged photoreceptor will 

decay even in the dark. Figure 9 shows typical positive 
and negative dark discharge curves for pure a-Se films 
prepared under different conditions. As it can be seen, the 
dark discharge rate depends on substrate temperature [17]. 
 

 
Fig. 9. Dark decay of surface potential on a-Se layers. A, 
B, and C involves a-Se deposited under different 
substrate temperature (Ts) conditions: A and A’ at                  
Ts = 75 0C;  B  and  B’  at  Ts  =  50 – 60  0C;  C  and  C’                      
                  Ts = 25-50 0C and uncontrolled [18]. 
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In principle, thermal generation of carriers in the bulk, 
hole, and electron transport and interfacial injection – all 
these factors can be the cause of dark decay. The simplest 
picture of dark decay is one in which electron-hole pairs 
are thermally generated in the bulk at a rate GB and swept 
put rapidly compared with the generation rate [24]. The 
time-dependent field E can be obtained by setting the sum 
of the displacement and conduction currents equal to zero: 
 

ε/)( LGJe
dt
dE

Bs += ,                            (6) 

 
where Js is a surface charge generation rate (cm-2 s-1), ε is 
the bulk dielectric constant and L is the film thickness. As 
it indicates the form of Eq. (7), a series of measurements 
on samples of varying thickness are required to distinguish 
bulk from surface contribution to dark decay [25]. 

The dark decay in pure and alloyed a-Se films may be 
caused by all of the above mentioned factors: substrate 
injection, bulk thermal generation, and depletion. It has 
been found that that the depletion discharge mechanism 
dominates. At present, this mechanism is generally 
accepted [26-32]. 

Experimental studies of dark discharge performed on 
various Se-based alloys clearly illustrate that instead of the 
type of behavior predicted by Eq. (6), dark decay is 
characterized by two distinct zones of time dependence 
separated by an abrupt transition (Fig. 10). 

 
Fig. 10. Typical dark decay (dV/dt vs t) for a-Se film 
doped with 750 ppmw Cl measured immediately after 

charging in the dark to 75 V. Thickness 15 µm 
   
 

This feature can be completely accounted for by a 
model which presumes that only one sign of carrier is 
mobile. During dark decay the mobile carrier is depleted 
(in other words swept out), leaving behind a space charge 
of opposite sign. Therefore, the dark decay is called a 
depletion discharge. 

In the following, we consider the depletion-discharge 
model which describes a dark discharge with only one sign 
of thermally generated charge carrier is mobile on the time 
scale of experiment. As thermal generation and sweep out 
of the mobile carrier proceeds, the develops deeply 
trapped space charge ρ(z) of opposite sign. The time-
dependent surface voltage is computed at any time by 
integrating the instantaneous field across the sample 
thickness, taking into account of all sources. This 

procedure directly allows one to distinguish the bulk 
charge generation process from surface charge losses. 

The instantaneous surface potential is given by [25] 

 ∫ ∫∫ −==
00

0

0

00

))('(1)(
z zz

zdzdzzdzEV ρσ
ε

,      (7) 

where σ is the surface charge density initially deposited, 
minus any loss by injection up to instant of measurement. 
Note that Z0 is the depth (measured from the top surface) 
at which E(Z0) is zero and is equal to or less than thickness 
L. At Z0<L, the surface charge density and Z0 are related 
by 

              ∫=
0

0

)(
z

dzzρσ                      (8) 

If depletion is a spatially homogeneous process, Eqs 
(7) and (8) simplify and the instantaneous surface voltage 
is then given by 

               )2/()/( 2
00 ερεσ ZZV −= ,             (9) 

where Z0 and ρ are time dependent. 
The process seems to proceed under following 

scenario. Initially, when the bulk charge is less than the 
surface charge (σ > ρL), then Z0 equals L and is time 
independent. Latter, when Z0 is less than L, Z0 equals σ/ρ 
and is therefore time dependent. As a result, with 
increasing ρ the parameter Z0 decreases. Between these 
zones exists a demarcation defined by the condition 

 
              σρ =L ,                          (10) 

 
which occurs when t = td, where td is called the depletion 
time. The explanation of physical process at depletion 
discharge is, at the first sight, simple. As charge is 
uniformly depleted from the bulk of the sample, ρ 
increases in time until the depleted charge equals the 
surface charge (Eq. 10). Further depletion now begins to 
reduce the depleted volume by reducing the dimension Z0 
= σ/ρ < L. As Z0 shifts toward Z = 0, the region between Z 
= Z0 and Z = L retains its space-charge neutrality. The 
dark discharge rate dV/dt and the surface voltage each 
exhibit different behavior in the two respective time zones 
separated by td. In zone 1, when t < td, one obtains (at 
condition that there is no surface charge loss)       
    

ε
ρ

ε
σ

2

2LLV −=                             (11) 

and 

dt
dL

dt
dV ρ

ε2

2

−= .                              (12) 

 
In zone 2, when t > td, we obtain 
 

ερσ 2/2=V                                     (13) 
 

and 
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dt
d

dt
dV ρ

ερ
σ

2

2

2
−=  .                              (14) 

From Eq. (5.11), it is clear that εσ /0 LVV ==   (at 

0=t )  
and (at dt ) 

2/2/ 0VLV == εσ  (when σρ =L ) .           (15) 
 

Therefore, the voltage is reduced to half its initial value at 
the depletion time. Equations (12) and (14) are modified 
when surface loss by injection is included by the addition 
of a surface term, given by 

dt
dL

dt
dV

s
σ

ε
=)(   in zone 1                       (16) 

and 

dt
d

dt
dV

s
σ

ερ
σ

=)(  in zone 2.                    (17) 

          The boundary between the zones is defined by 
condition )()( dd tLt σρ = . It follows that   
 

          
2

)0(
)0(
)(

2
)(

)( VtLt
tV dd

d σ
σ

ε
σ

== ,        (18) 

 
where )0(σ and )0(V are values at 0=t . It should be 
stressed that the extent to which the surface voltage at 

dt has decayed beyond 2/0V  thus provides a quantitative 
measure of the surface loss in specimen. 

One representation of )(tρ is based on the 
assumption that emission is a first-order rate process. The 
latter applies to a system containing 0N (cm-3) discrete 

emission centers displaced by energy 0E from the 

transport state. For this system )(tρ ~ t  because 

)]exp(1[)( 0 RteNent −−==ρ ,                 (19) 
 

where    
)/exp( 0 kTER −=ν                                  (20) 

 
and 

)(tρ < 0eN ,    Rt < 1, 
thus 

)(tρ ≈ RteN0 .                                 (21) 
 

From Eqs. (10), (20) and (21) it follows that for emission 
from a discrete center, 
 

)/exp(/)2( 0
2

0 kTELeNVt dd −= νε ,         (22) 
 

where we abbreviate )( dd tVV = so that in this case a plot 

of dtlog  vs )2log( dV should be linear. Any curvature 

when the log of dt is plotted against log 0V  ( 0V = 
surface voltage at t = 0) is then a measure of surface loss 
by injection. Both features are clearly displayed in Fig. 11. 
 

 
Fig. 11. Dependence of the depletion time td on the 
charging voltage V0 (open circles) and twice the 
depletion voltage 2Vd (solid circles) for a-Se film doped  
                 with 750 ppmw Cl. Thickness 15 µm 

  
Here we note that the scaling of td with charging 

voltage as well as the shapes of the associated depletion 
curves are observed in a series of Se-rich amorphous 
alloys and also in pure selenium (in the latter case only in 
thick, ~ 50 µm, films charged to relatively low voltages at 
which surface loss was negligible). 

In series of elegant experiments Abkowitz et al. [33] 
demonstrate that the broadening of shallow transport 
interactive states identified in time-of-flight experiments 
(see the increasing dispersiveness of time-of-flight 
transients illustrated by Fig. 12) occur in parallel with a 
similar process operating on the deep gap states which 
control the dark decay. 

 

 
 
Fig. 12. Room-temperature transit pulse shapes for holes 
(left-hand side) and electrons (right-hand side). (a) a-Se; 
E = 10 V/µm; 0.1 µs div-1 for holes and 2 µs div-1 for 
electrons. (b) 18.4 wt.% Te:Se; E = 17.5 V/µm; 1 µs div-1  
                 for holes and 200 µs div-1 for electrons. 
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The rate at which bulk space charge is uniformly 
generated may be represented as 
 

patt =)(ρ ,  p < 1.                                  (23) 
 

This algebraic time dependence is suggested by the 
analytical modeling of simple cases. Let us consider 
exponential distribution of emission centers given by 
 

),/][exp( 00 WEENN −−=                      (24) 
 

which is 0N  at the reference energy 0E , and is also cut 
off by the Fermi energy for holes (states extending beyond 

FE  are hole traps rather than emission centers). 
 It follows that 
 

WkTteNt /
0 )()( νρ = .                     (25) 

 
Here it is assumed that the emission rate prefactor ν  does 
not depend on energy and there is no retrapping. 
Substituting Eq. (24) into corresponding equations for 

dtdV /  yields 
 

,
2

1
2

−−= ptaL
dt
dV ρ

ε
    t < dt                   (26) 

and 

,)/(
2

12
0

−−= ptLV
adt

dV ρε
   t > dt .      (27) 

 
The following distinctive characteristic are now 

predicted for depletion discharge: 
(a) There is an abrupt change in the dark decay 
rate (~ pt 2 ) at dtt = . The physical origin of dt - it is the 
required by the bulk to generate isothermally a quantity of 
charge equal to the surface charge. This parameter ( dt ) 
provides a quantitative measure of thermal generation. 
(b) The sum of the slopes of two linear 
segments corresponding to t < dt  and t > dt equals -2. 

(c) At dtt = , 

σ=d
pLat  

or 
 

       p
d

p
d LVaLt /12/1 )/2()/( σεσ == .        (28) 

 
(d) When a series of films differing in thickness 
L are charged to the same initial field, then a transition 
from quadratic to thickness-independent behavior will be 
observed in the dark decay rate at dt . 

Features predicted by Eqs. (26) and (27) are clearly 
illustrated by Figure 13. A demarcation in the rate of 
decay is now easily discerned in all cases.  

 
Fig. 13. Dark decay at 297 K of a 3.2 at.% Te:Se film 
(solid circles) and a 10.5 at.% Te:Se film (diamonds). 
Films   were    initially    charged    to  100  V.  Thickness  
                                 d = 55 µm [25] 

 
 

In the depletion discharge model, both the shapes of 
the dark decay and the scaling of the depletion time 

dt with the depletion voltage dV (half the charging 
voltage in the absence of surface loss) and specimen 
thickness is completely specified by the p parameter. The 
form taken by the phenomenological depletion model 
resembles a key feature predicted in the model proposed 
by Scher and Montroll [33] for dispersive transport. In the 
latter model it is the dispersion parameter α  which 
governs a similar scaling law for the transit time. In Figure 
14, the depletion time dt represented on the right ordinate 
log scale and the p parameter represented linearly on the 
left are plotted versus composition with samples spanning 
the range 0-14  at.% in Se. 
 

 
 

Fig. 14. Composition dependence of the depletion time 

dt and the parameter p for Te:Se alloy films [25] 
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It is clearly seen that under fixed conditions the 
depletion time decreases exponentially with Te 
concentration while the p parameter decreases linearly 
over the same composition range.       

The above simple phenomenological model which 
assumes a power law time-dependent development of 
spatially uniform negative charge density patt =)(ρ  can 
account for all features of the dynamic behavior of the 
surface potential. Thus when plotted on a log-log scale the 

dt
dV

 vs t  curve for a wide range of alloy films was found 

to exhibit a well-defined kink precisely at time dt  when 
the negative bulk trapped space charge became equal to 
the surface charge initially deposited. Depletion time 

dt provides a measure of the time required by the bulk to 
generate an experimentally determined quantity of charge. 

Both the shape of the decay of  
dt
dV

 vs t  on either side of 

dt and the scaling of the depletion time dt with surface 

charge σ  and sample thickness L, p
d aLt /1)/(σ= , 

respectively, provide independent means for measuring 
parameter p . If the build up in the bulk negative charge 
density is spatially uniform (as we assume), the internal 
electric field falls linearly with distance from the top 
surface. At a certain time dt , the electric field F at the 
grounded end of the sample becomes zero. From that time 
onward the field will be zero at a distance X(t) < L, the 
sample thickness, and consequently there will be a neutral 
region from X to L inasmuch as holes generated in 0 < x < 
X and arriving into X < x < L will not be swept out (Fig. 
15). The shrinkage of the depleted volume with time 
t < dt  means that dt marks a functional change in the dark 
decay rate and therefore is readily obtainable from dark 
discharge experiments. 

 

 
Fig. 15. Typical log-log plot of the dark discharge rate 
versus time for a wide range of amorphous Se-based 

alloys 

Analysis performed for a range of Se-based alloys 
reveals that the parameter p  and the depletion time 

dt scale systematically with alloy composition when 
experimental conditions remained fixed. Parameter 

dt and p decrease with an increase of the concentration of 
arsenic, antimony or tellurium in the alloy [18,25, 34,35]. 
The quantity p  in the model for dark depletion discharge 
plays a role analogous to the dispersion parameter α  in 
the theory of dispersive transport [36] of photoinjected 
carriers.  
As it was mentioned above, under low charging voltages 
the depletion time indicates the time required for the 
surface potential to decay to half its original value. Under 
high charging voltages, however, field-enhanced emission 
from the deep mobility gap centers also plays an important 
role, and the surface potential initially decays at a much 
faster rate so that at the depletion time the surface potential 
is in fact less than half the initial value. Figure 16 shows 
the dependence of the depletion time dt and the half-time 

2/1t  on the charging voltage 0V , where it can be seen that 
at the highest charging voltages there is no improvement 
in  2/1t  with further increase in the charging voltage 0V . 
Inasmuch as the dark decay in Se-based alloys is a bulk 
process, the rate of discharge increases with the square of 
thickness dtdV / ~ 2L and can be reduced only by using 
thin layers. The latter concept leads naturally to the design 
of multilayer photoreceptor structures. 
 

 
 

Fig. 16. Log-log plots of the depletion time td and time 
for the surface potential to decay to its half value t1/2 
versus charging voltage V0 for an amorphous Se : Te          
13 wt% photoreceptor film of thickness 70 µm (from 
[30]). The  inset  shows  the  dependence of  the depletion  
                time td on the Te content (from [31]) 

 
 

The origin of the deep localized states in the mobility 
gap that control the dark decay has been attributed to 
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structural native thermodynamic defects [32,37-39]. 
Thermal cycling experiments show that the response of the 
depletion time to temperature steps is retarded, as would 
be expected when the structure relaxes toward its 
metastable, liquid-like equilibrium state. As the structure 
relaxes toward the equilibrium state, dt decreases further 
until the structure has equilibrated. The only possible 
inference is that dt must be controlled by structure-related 
thermodynamic defects. The generation of such defects is 
therefore thermally activated. We should note that since 
the depletion discharge mechanism involves the thermal 
emission of carriers from deep localized states, it is 
strongly temperature dependent. For example, dt  
increases in an approximate Arhenian fashion with 
decreasing temperature. In addition (to the deterioration of 
the dark decay), there is an increase in the residual 
potential for a-Se1-xTex alloys.  
Figure 17 displays the µτ product for holes and electrons 
[33].  

 
 

Fig. 17. Hole and electron drift mobility lifetime product 
µτ and residual potential versus Te content in a-Se1-xTex 
films. The µτ product was xerographically measured by 
Abkowitz  and  Markovics [33];  residual  potential  from  
                                          [40]. 

 
 

This parameter was determined from xerographic 
residual potential in a-Se1-xTex monolayer films. As one 
can see, even with very little Te alloying there is a 
considerable rise in both hole and electron deep traps. The 
relationship between the trapping time and the residual 
potential has been evaluated by numerous authors (see, 
e.g. [23,41]). The residual potential is more than an order 
of magnitude larger than typical values for pure selenium 
in the situation when the Te concentration exceeds 12 wt% 
Te. 

Regarding the depletion discharge it should be 
stressed that with thick films, a good blocking contact 
between a-Se and the preoxidized aluminum substrate, the 

depletion mechanism dominates the discharge process. 
There are several reasons for the experimentally observed 
fact that amorphous selenium posse good dark decay 
characteristics. Among these the following may be listed. 
1. There are not many deep localized states in the 
mobility gap of pure amorphous selenium. Saying simply, 
the concentration of such states are relatively low (less 
than 1012-1013 cm-3). 
2. The energy location of these localized states is 
deep (> 0.8 eV) in the mobility gap. Therefore the thermal 
generation process of holes and/or electrons from these 
centers is slow. 
3. Injection from the substrate can be reduced 
substantially by using oxidized Al substrate. 
If blue light is used for the discharge process, then the 
absorption is very close to the charged surface, and one 
can assume that the discharge process involves the 
transport of photogenerated holes through the bulk. 
Trapping of these holes in the bulk then results in the 
observed first cycle residual potential, Vr1. In the case of 
amorphous selenium photoreceptor films it has been found 
that Vr1 is predicted by Warter expression [42] 
 

Vr1 = L2/(2µdτ0) 
 
where L is the film thickness, µd is the hole drift mobility, 
τ0 is the hole lifetime, and µdτ0 is the hole range. 

It can be seen from Fig. 7 that as the xerographic 
cycle is repeated many times at a constant repetition 
frequency, the residual voltage rises and eventually 
saturates. The saturated residual voltage Vrs is much larger 
than the first cycle residual voltage Vr1. Both the first 
residual and the cycle-up saturated residual potential, Vr1 
and Vrs, are sensitive to pre-illumination as well as to 
temperature and alloying. For example, when a-Se films 
are preilluminated with white light, the buildup of the 
residual potential occurs more rapidly toward a much 
higher saturated residual potential. Furthermore, the 
parameters mentioned (residual potentials Vr1 and Vrs) 
increase with exposure time. The effects of pre-
illumination with band-gap light on the main xerographic 
characteristics for the case of pure amorphous selenium 
were examined in details by Abkowitz and Enck  in their 
extensive work [22] and, for Se-rich a-AsxSe1-x alloys, by 
the present authors [43,44]. Clearly, exposure to white 
light generates an appreciable concentration of deep hole 
traps. The effects of pre-illumination we consider in the 
following paragraph. 

There are two possible explanations for the saturation 
of the residual voltage which seemed to be reasonable 
[45]. These are given below. 
A. The observed saturation 
may be due to the dynamic balance between trapping and 
release of charge carriers as the xerographic cycle is 
repeated.  
B. As an alternative variant, it 
may be due to the filling of the deep trap population so 
that the saturated residual potential is given by 
 

Vrs = L2eNt/(2ε0ε) 



Xerographic spectroscopy of gap states: Se-rich amorphous semiconductors                                          1631 
 

where Nt is the concentration of deep traps and ε0 and ε 
are, respectively, the absolute permittivity and relative 
permittivity of the photoreceptor material. The trap-filling 
interpretation can be verified, by checking whether Vrs 
shows any dependence on the cycling frequency, to 
exclude a dynamic equilibrium condition involving trap 
filling and emptying (Fig. 18). 
 

 
Fig. 18. Typical cycled-up xerographic experiments on a-
Se films. The inset shows the dependence of residual 
potential at the 100th cycle on the cycling speed. Sample  
               A has a lower µτ product than B [46]. 

 
 

The rate of decay and the temperature dependence of 
the saturated voltage can be used to obtain the 
concentration and energy distribution of the deep traps 
responsible for the residual potential. Thus Vrs provides a 
useful means of studying the nature of deep traps in 
amorphous semiconductors and has been successfully used 
to derive the energy distribution of deep localized states in 
the mobility gap of both a-Se and a-Si:H [21,47]. 

 One can assume that the saturated residual 
potential, at the end of a large number of cycles, decays. 
As thermal release proceeds, hole are emitted and swept 
out from the specimen, resulting in the decrease of the 
measured surface potential. The decay rate of the saturated 
potential is strongly temperature dependent due to thermal 
release from deep mobility gap centers, located at 
approximately 0.9 eV above Ev for holes. The discharge of 
the saturated potential due to electron trapping occurs 
much more slowly. The reason is that the energy depth of 
electron traps from Ec is about 1.2 eV, which is greater 
than that of hole traps from Ev. 

 

1.4. Photoinduced changes of xerographic  
        characteristics: dark discharge  
 
Amorphous chalcogenide semiconductors exhibit a 

large spectrum of photoinduced phenomena. According to 
Keiji Tanaka [48], these unique phenomena observed in 
chalcogenide glasses can be classified into two main 
groups.  

The first group includes the so-called heat-mode 
phenomena: the heat generated through nonradiative 
recombination of photoexcited carriers caused atomic 
structural changes. The most familiar may be the phase 
change between crystalline and amorphous phases, which 
is applied to high-density (more than 1GB) erasable 
optical memories. 

The second is the so-called photon mode. It is well 
known that for amorphous chalcogenide semiconductors 
unique effects are characteristic. Reversible thermal and 
photoinduced changes in amorphous semiconductors have 
been under active investigation during several decades 
[48-55].  They are the most unique and intriguing features 
of chalcogenide vitreous semiconductors. Photoinduced 
changes appear as nearly parallel shift of the optical 
absorption edge to lower energy or a reduction in band-
gap on exposure to light (so-called “photodarkening”). 
Such irradiation also causes a change in various physical 
properties. The physical origin of the processes which 
takes place at reversible transformations induced by band-
gap light and thermal annealing remains unclear. Particular 
interest is aroused when observations suggest that these 
changes affect photoelectronic behavior. It is important to 
note that analysis of changes in photoelectronic properties 
can be used to relate photoinduced effects to specific 
changes in the electronic density of gap states.    

 During the last decades there has been, however, very 
limited systematic study of photoinduced effects on states, 
especially of deep lying states in the band gap. In addition, 
most photodarkening studies have focused upon 
prototypical binary (and ternary) chalcogenide alloys and 
relatively little are known about the characteristics of 
elemental and chalcogen-rich glasses. At the same time, 
elemental and chalcogen-rich amorphous semiconductors 
serve as useful model systems for studying the influence 
of photodarkening on physical properties. Therefore, we 
consider in the following photoinduced changes of deep 
levels in pure and selenium-rich amorphous layers.  

Careful analysis of the time and temperature 
dependent decay of the surface voltage on an amorphous 
film can be used to map the density of states. This 
procedure can be performed after corona charging of the 
sample but prior to exposure (known as xerographic dark 
decay) or after exposure (PID), in the first cycle or after 
many cycles. The procedure is illustrated for a-AsxSe1-x 
where residual potential can be measured without 
complication. Amorphous AsxSe1-x (0<x<0.20) is found to 
be characterized by relatively discrete gap state structure. 
Measurements performed by the present authors readily 
discern photo- and thermostructural effects on gap state 
population (see, e.g. [43,44,52,55] and Refs. therein). 
Thus, during these structural transformations systematic 
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variation in the density of localized states distributed 
throughout the mobility gap are observed. This 
observation is consistent with the view that native defects 
play a key role in photoelectronic behavior of amorphous 
chalcogenides. 

The illumination of amorphous AsxSe1-x films by light 
with energy near the optical gap also causes changes in 
basic electrophotographic parameters: dark discharge rate, 
initial charging potential, residual potential, and its dark 
decay rate. Typical dark discharge curves for film 
composition As0.2Se0.8 are shown in Figure 19. 
 

 
 

Fig. 19. Dark decay of surface potential in a-As0.2Se0.8. 
(1) Dark-rested sample, (2) after white light exposure  
                                5000 lx × 60 s. 

 
It is apparent that the initial charging voltage U0 

becomes smaller and the surface potential decay rate dU/dt 
increases after previous photoexcitation. It must be 
emphasized that, depending on composition, ordinary 
(changes of either U0 or dU/dt) or complex (simultaneous 
changes of U0 and dU/dt) photoinduced effects may be 
observable. The former take place in the range 2 to 6 at% 
As, whereas for the latter concentrations above 8 at% As 
are needed. 

In pure selenium the photoinduced change of 
discharge rate is comparatively small (γ ≈ 1.06). As the 
arsenic concentration increases, γ initially becomes 
progressively larger, then for x > 20 at% As it begins to 
fall possibly because of the rising dark discharge rate in 
dark-rested samples. The parameters of dark discharge in 
dark-rested and photosensitized films are summarized in 
Table 1. Here tU0/2 is the half-decay time, ∆U/U0 = (U0 – 
U0*)/U0 the relative change of the initial charging 
potential. It is of interest to point out that the “memory” 
effect (the time interval during which the changes in pre-
excited film parameters may be observable) appreciably 
prolonged with As content: from ≈ 40 min in pure 
selenium to  ≈ 10 h in As0.2Se0.8. 
 

Table 1. Surface potential dark decay parameters and their 
photoinduced changes in  AsxSe1-x films. 

 
content dU/dt 

(V/s) 
tU0/2 
(s) 

γ ∆U/U0 

0 6.7 × 
10-2 

276 1.06 0.30 

2 9.7 × 
10-2 

150 1.20 - 

5 1.4 × 
10-1

138 1.33 - 

8 9.3 × 
10-1 

19 1.61 - 

10 1.22 17 2.3 - 
15 1.12 18 3.5 0.50 
20 1.4 15 1.9 0.51 

 
* Initial voltage: U0 = 37 V; thickness: d = 10 µm; T = 293 
K; white light exposure: 2000 lx × 120 s. 
 

The ratio γ = (dU*/dt)/(dU/dt) (parameters of 
irradiated samples are marked by asterisk) is essentially 
composition dependent. 

Fig. 20 shows the time evolution of the dark decay 
kinetics of the surface potential after photoexcitation. An 
increasing dark adaptation time, i.e. the dark-resting time 
of an exposed film before charging it to a certain potential 
and recording the potential decay, causes a diminishing of 
the observable photoinduced changes. On the basis of the 
data in Figure 20, by analogy to the photocurrent transients 
[43,44], the relaxation functions φ(τ) = [U0 – U0

τ]/[U0 – 
U0*]  and ζ(τ) = [(dU*/dt) – (dUτ/dt)]/[(dU*/dt) – (dU/dt)], 
characterizing the initial charging potential and the dark 
decay rate recovery, were estimated (see insert in Fig. 20).  
 

 
           

Fig. 20. Dark discharge rate varying with a-As0.15Se0.85 
sample dark-resting time and corresponding relaxation 
functions φ(τ),  ζ(τ) (insert). (1) τ = 0, (2) 2, (3) 5, (4) 10,  
                                       (5) 90 min. 
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It is of particular significance that “memory” effects 
are influenced not only by variation of composition, but 
also by electric fields [43, 55-62]. For example, Fig. 
21clearly illustrates that the photoinduced change of the 
dark discharge rate may successfully be “frozen-in” be 
applying an electric field E ≈ 3 × 105 V/cm immediately 
after light exposure (for comparison, see curves 5 (in Fig. 
21a) and 6 (in Fig. 21b). 

Dark decay curves of the surface potential in double-
logarithmic representation display two distinct rate 
processes dU/dt ~ t-(1-K) and  dU/dt ~ t-(1+K) with cross-over 
from one regime to the other at t = td. Detailed analysis of 
the discharge process shows that td shifted to smaller 
values with increasing As content and after exposure. Note 
that under low charging voltages U0 the surface potential 
at time td was approximately half the initial value and that 
td increased with U0. The features observed in the dark 
decay study of AsxSe1-x alloy films can be completely 
accounted for by a depletion discharge model [25-
33,43,44]. So, the bulk process driving dark decay is 
emission and sweep-out of holes from states near mid-gap 
leading to progressive formation of negative space charge. 
The rise in dark discharge rate and the shift of td with 
arsenic concentration and photoexcitation may be due to 
enhanced thermal generation of holes from deep centers. 
From the temperature dependence of td it is estimated that 
the emitting sites are located at 0.8 to 0.9 eV above the 
valence band mobility edge.            
                              

 
Fig. 22. Surface potential dark decay in a-As0.1Se0.9 films 
(d = 10 µm). a) (1) Dark-rested sample, (2) exposed, (3) 
to (5) exposed and then dark-rested for 5, 20, and                 
30 min, respectively. b) (1) Dark-rested sample, (2) 
exposed, (3) to (6) exposed and dark-rested for 30 min in 
the presence of a surface potential of 115, 170, 215, and  
                         520 V, respectively [43,55]. 

 
 

1.5. Residual voltage in Se-rich photoreceptors 
 
For the films under examination the residual voltage 

Ur increases with exposure. For example, previous 
photoexcitation leads to an increase in Ur1 (first cycle 
residual voltage) for Se up to 3.7 V caused by a decrease 
in µτL to 1.3×10-7 cm2 V-1. Taking into account the 
invariance of µe=4.9×10-3 cm2 V-1 s-1 with light exposure it 
is obvious that the lifetime reduction (from 5.4×10-5 to 
2.6×10-5 s) is the only reason for photoinduced change. 
 

 
 

Fig. 23. Dependence of residual voltage after (1) one and 
(2) five complete xerographic cycles on atomic 
percentage of As content in amorphous AsxSe1-x 

 
 

During the continuous repetition of xerographic 
cycles, the residual voltage Urn at the nth cycle was found 
to have the typical behavior shown in Fig. 24. 
                    

 
 

Fig. 24. The build-up in the residual voltage with a) 
number of xerographic cycles and b) isothermal room-
temperature relaxation of saturated residual voltage in 
(1) dark-rested  and  (2)  photoexcited  a-As0.02Se0.98 films 

 
 

The repetition of xerographic cycle leads to the 
saturation of the residual potential (see Fig. 24). The 
saturated value, Ur∞, corresponds to all the deep traps in 
the bulk being filled – in pure and Se-rich alloys of 
amorphous Se this occurs typically after ~ 20-100 
xerographic cycles. One can easily check the trap-filling 
interpretation: if Ur∞ shows any dependence on the cycling 
frequency to exclude a dynamic-equilibrium condition 
involving trap filling and emptying.  

The saturation residual potential Urs (or Ur∞) provides 
[18,25] a measure of the density of uniformly trapped 
carriers: 
 

Urs = Ned2/2ε 
 
where ε is the dielectric constant. An increase in Urs in 
pre-exposed films indicates photoenhanced accumulation 
of charge at deep centers. We obtain N≈1015 cm-3 and 
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N*≈4×1015 cm-3 for dark-rested and pre-exposed As0.1Se0.9 
films, respectively [43,44,55]. 

The residual potential decays to zero. This process is 
controlled by the spectrum of trap release times. The trap 
energies can be deduced from an analysis of isothermal 
residual potential decay curves using 
 

Urs = ∑ Ci exp(-t/τi) 
 
where τi-1=νi exp[-Ei/kT] is the release time from the ith 
trap, νi is the frequency factor and Ei is the trap depth. We 
find that deep levels in amorphous selenium reside at Ei

h = 
0.85 eV and Ei

e = 1.0 eV for holes and electrons, 
respectively. Their depth becomes somewhat shallower 
with addition of As , e.g. Ei

h = 0.80 eV and Ei
e = 0.90 eV 

in As0.1Se0.9. The more rapid decay of the residual voltage 
Urs in pre-illuminated films relative to dark-rested film 
(Fig. 24b)) indicates a slight decrease in the depth of those 
states. A comparison of room-temperature recovery in 
TOF and xerographic measurements demonstrates that 
relaxation of deep centers in pre-illuminated (exposed) 
films occurs on the same time scale. In other words, the 
deep gap centers which control the xerographic dark decay 
and residual voltage are, like the trapping centers 
discussed in TOF experiments, characteristically 
metastable. 

Band-gap light can, in principle, have two distinct 
effects on the electronic structure of the mobility gap. 
Band-gap light can either introduce (generate) new 
localized states or initiate conversion of traps of small 
cross section to traps of larger cross section [46]. 
Consequently, the latter become accessible in deep level 
spectroscopy only after irradiation. In that sense we may 
also consider such converted localized states as “new” 
localized states (created by irradiation). 
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