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Amorphous selenium (a-Se) has an optical bandgap of ,-~ 2.1 eV and a photogeneration 
efficiency close to unity at ~ 2.7 eV which makes it sensitive to the blue region of the visible 
spectrum. Alloying with tellurium reduces the bandgap and hence increases the 
photosensitivity towards longer wavelengths. Experimental results have already been reported 
to show that charge acceptance, residual voltage, dark decay rate and drift mobility are all 
sensitive to tellurium. Charge acceptance and carrier drift mobilities decrease with tellurium 
whereas dark decay rate increases. All these effects are undesirable in xerography. Transient 
photoconductivity and residual voltage measurements were carried out to investigate the effect 
of a small chlorine addition on the xerographic properties of a-Se:Te alloys. Results will be 
presented to show that chlorine improves the residual voltage and charge acceptance. Tran- 
sient photoconductivity data on hole transport shows that the xerographically important 
parameter of carrier range is also improved. Hole drift mobility shows a weak field dependence 
of the form #h ~- E" where the index n is sensitive to chlorine. No electron transport could be 
detected in any of the samples. These results are interpreted in the framework of shallow-trap 
controlled transport. 

1. In troduc t ion  
One of the outstanding commercial applications of 
amorphous semiconductors is in xerography. A typi- 
cal xerographic process consists of the following steps. 

(a) Sensitization of the photoreceptor by electro- 
static charging from a Corona discharge. Electric field 
required for sensitization is ~ 105V cm -~. This means 
a photoreceptor which is typically 50#m thickness 
should be capable of sustaining at least 500V. Most 
photoreceptors generally have a higher charge accept- 
ance resulting in electric fields well in excess of the 
required value, 

(b) Exposure of the sensitized photoreceptor to 
light for image formation. 

(c) Development of the image using a developer 
consisting of a mixture of black (or coloured) toner 
particles and carrier beads. 

(d) Transfer of image from the photoreceptor to the 
paper. 

(e) Print fixing. 
(f) Removal of the toners left on the photoreceptor. 
(g) Exposure of the toners left on the photoreceptor 

to intense light to reduce the surface potential to some 
uniformly low values typically ~ 100 V corresponding 
to fields of ~ 104Vcm -l. 

There are, therefore, a number of desirable electri- 

cal characteristics that a useful photoreceptor should 
exhibit. The most important of these are: 

1. High charge acceptance. 
2. Slow dark decay of photoreceptor surface poten- 

tial. The photoreceptor must retain electrical charge 
on its surface long enough for completion of the xero- 
graphic image transfer process. For conventional 
photocopy machines, normally the dark decay to half- 
potential should be around 0.5 min. 

3. Rapid discharge when exposed to light. During 
the image exposure, the charge held at the top surface 
of the photoreceptor must be dissipated in illuminated 
areas more rapidly than in unilluminated regions in 
order to produce an electrostatic image. The electro- 
static image is simply the change in potential pattern 
of the photoreceptor surface which corresponds to the 
ilumination pattern to which the photoreceptor has 
been exposed. Difference in potential is referred to as 
electrostatic contrast. The phenomenon of trapping 
prevents complete discharge of the photoreceptor, 
even when exposed far in excess of that required to 
produce adequate electrostatic contrast. Thus there is 
a minimum to which the potential of a photoreceptor 
can be reduced by exposure and it is called "residual 
potential". 

There are other desirable characteristics such as 
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T A B  LE  I Charge acceptance of various a - S e : T e  and chlorine- T A B L E I I Effect of  chlorine on the dark decay characteristics 
doped a-Se:  Te single layer photoreceptors of  a-Se + 3.5% Te 4- p.p.m. C1 

Content  (wt %) Thickness Charge acceptance 
(t~m) (V) 

Se + 3.5% Te 68 1010 
Se + 5% Te 64 890 
Se + 7% Te 62 810 
Se + 10% Te 63 760 
Se + 15% Te 61 700 

Se + 2.3% Te 60 1100 
+ 20p.p.m. C1 

Se + 3.5% Te 58 930 
+ 16p.p.m. CI 

Se + 4.6% Te 60 980 
4- 26p.p.m. CI 

Se 4- 5% Te 62 950 
+ 16p.p.m. CI 

Se 4- 12.5% Te 66 900 
4- 20p.p.m. CI 

photosensitivity to a particular wavelength, crystal- 
lization resistance, temperature and humidity resist- 
ance, thickness uniformity and mechanically hard 
surface. Finally, a practical photoreceptor should 
perform these functions under repetitive cycles other- 
wise the photoreceptor is said to have become fatigued. 
Most fatigue effects generally disappear after a rest 
period. 

Photoreceptors in large numbers of photocopiers 
are based on amorphous selenium (a-Se) [1-4]. Single 
layer and double layer a-Se:Te alloys have already 
been discussed [5]. The purpose of this paper is to 
report the effect of chlorine in the range 16 to 
26 p.p.m., on xerographic properties of these photo- 
receptors. Samples were prepared by thermal evapora- 
tion which has already been widely described and 
discussed [5-7]. Charge acceptance, dark decay and 
residual voltage were measured as described before [5]. 
Charge transport parameters, namely the drift mobil- 
ity, #, and carrier lifetime, ~, were found using elec- 
tro'ted time of flight (ETOF) and xerographic time of 
flight (XTOF). The principle of operation of ETOF 
has been extensively reviewed by many authors [3, 4, 
8-10]. XTOF is a less familiar technique and a practi- 
cal apparatus has been recently described in detail by 
one of the authors [11]. 

3. Results and discussions 
3.1. Sensitization, dark decay and residual 

voltage 
The maximum voltage to which the free surface of a 
photoreceptor can be charged is referred to as the 
charge acceptance and it should give the required 
xerographic field of 105V cm-7. As shown in Table I, 
all samples can be charged well in excess of the 
required field. To obtain these results it was found 
necessary to use a corona charging device similar to 
that which is used to form the electrostatic image 
in the xerographic process [1 l]. In a-Se: Te alloys, 
tellurium addition progressively reduces the charge 
acceptance. Tellurium concentration greater than 
25 wt % was found to further improve the read sen- 
sitivity but at the expense of intolerable decrease 
in the charge acceptance and increase in the dark 
decay rate [12, 13]. Chlorine-doped Se:Te samples 

Sample 
condition 

Fraction of  potential remaining t sec after 
charging 

Time, t 16p.p.m. Cl 26p.p.m. C1 
(sec) 

Well rested I 0.96 0,93 
5 0.82 0,67 

Fatigued (several l 0.94 0,90 
hundred cycles) 5 0.61 0.32 

exhibited higher charge acceptance. For example, the 
charge acceptance of a 62#m thick a-Se 4- 5% Te 4- 
16p.p.m. C1 sample was about 60V higher than a 
64#m thick a-Se 4- 5% Te sample. In all samples, 
charge acceptance after several hundred cycles is 
reduced. This fatigue effect was found to disappear 
after a rest period of a few hours. In chlorine-doped 
Se:Te samples, addition of chlorine increased the 
dark decay rate. For example, the differences between 
the dark decay properties of alloys of 3.5% Te with 16 
and 26 p.p.m. C1 are shown in Table II. Note that in 
26p.p.m. chlorine-doped samples, the fraction of 
potential remaining after 1 or 5 sec is considerably less 
than in 16p.p.m. Cl-doped sample. The effect of 
chlorine addition is even worse in fatigued samples. 
The first cycle residual voltage measurement showed 
that chlorine addition reduces the residual voltage to 
acceptable levels corresponding to fields less than 
104Vcm i. For example, the first cycle residual 
voltages in a-Se + 3.7% Te + 16p.p.m. C1 and 
a-Se 4- 4.6% Te 4- 26p.p.m. C1 were +8 and 4-9V, 
respectively. 

3.2. Carrier range 
In a-Se based photoreceptors, it is more useful to 
measure time-resolved transits in the current mode of 
operation because of the dispersion and relatively long 
transit at low fields. Fig. 1 shows a typical XTOF 
transient hole current waveform for a 20p.p.m. CI- 
doped a-Se + 5.3% Te sample. From the break in 
the waveform, the transit time, T~, is measured and the 
mobility, it, is then calculated using 

L 2 

- T, V 0 (I) 

where V0 is the applied voltage and L is the sample 
thickness. 

t 
H 

%,._ 

\ 
\ 

Figure 1 Oscilloscope trace of typical XTOF hole transient current 
waveform in 20p.p.m. Cl-doped a-Se + 5.3% Te sample of  thick- 
ness 58ttm. V 0 = 200V, T~ ~ 28.5/~sec. Horizontal scale: 10~sec 
per division. Vertical scale: 5 mV per division. 
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Figure 2 Field dependence ofz h in a-Se -t- 3.7% Te + l0 p.p.m, Cl 
photoreceptor from XTOF experiment. 

Hole carrier life time is estimated from the exponen- 
tial decay of the signal at low fields in the time domain 
of 0 < t ~< Tt. As can be seen from Fig. 1, the signal 
contains an initial rapid decay in the form of a spike. 
For calculation of the exponential decay time constant, 
Zh, this deviation was neglected. #h in the samples was 
found to be field dependent. 

From the logarithmic plot of Zh against E, the value 
of Zh at zero field was obtained by extrapolation and 
taken as the hole life time. For example, Fig. 2 shows 
the results for a-Se + 3.7% Te + 10p.p.m: C1. Note 
that over a wide range of field, % can be expressed as 

% or_ E - x  (2) 

where E is the applied field and K is a constant. 
In all samples, electron response showed a rapid 

decay with no apparent break. Similar results were 
obtained using ETOF experiments. 

It is interesting that electron response in chlorine- 
doped a-Se has also been found to be undetectable 
[1, 13-15]. There are basically two plausible explana- 
tions. First it is possible that the signal is limited by the 
presence of many traps in the sample. Secondly, it 
might be argued that combinational doping may have 
increased the conductivity of the samples so that 
XTOF or ETOF experiments are no longer applicable. 
To explore this latter possibility a series of electron 
dark decay experiments were carried out. Results 
showed that although the dark decay is rapid, the 
resistivity calculated from the initial stage of the dark 
decay is ~ 1013f~cm which is sufficiently high for 
XTOF or ETOF experiments. 

Fig. 3 shows the negative dark decay curves for two 
different batches ofa-Se + 3.7% Te + 16p.p.m, C1 
photoreceptors. If a charged sample at the initial stage 
of the dark decay is treated as a capacitor with the 
photoconductive insulating layer as the dielectric 
medium, then from a simple R C  equivalent circuit for 
the charged sample the rate of decay of the charged 
sample can be written as [2, 16] 

- d Q / d t  = Q / R C  (3) 

using Q = C V  and I / R C  = 6/~oer, Equation 3 becomes 

= - -  eosrd/dt (In V) 

1 
e = - - ( d / d t  In V) -~ (4) 
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Figure 3 Electron dark decay curve for two batches of a-Se + 
3.7% Te + 10p.p.m. C1 photoreceptors. The inset shows plots of  
In V against time. Q is the effective resistivity and L is the sample 
thickness. (x), (A) The same batch; (e), (A) different batch. 

Thus the resistivity can be calculated from the knowl- 
edge of dielectric constant and slope of the dark 
decay curve. The inset in Fig. 3 shows plots of In V 
against time and the corresponding values of p. 

As in a-Se : Te alloys [5], the hole drift mobility data 
show a weak algebraic field dependency of the form 

pc E" (5) 

when n is a constant less than unity. Figs 4 and 5 show 
typical results. Results for a-Se + 3.5% Te + y p.p.m. 
C1 in Fig. 4 show that the index n increases with 
chlorine addition. By comparing Figs 4 and 5 it can be 
seen that n also increases with tellurium content. Note 
that the field dependence shows no low field cut-off 
(constant drift mobility) region. Charge transport 
data in various samples are summarized in Table III. 
The product of carrier range and electric field is known 
as Schubweg S and it is another xerographically 
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Figure 4 Log-log plots of hole drift mobility plotted against electric 
field for a-Se + 3.5% Te + yp.p.m. C1 photoreceptors. (O) Se + 
3.5% Te + 10p.p.m. C1; (x) Se + 3.5% Te + 16p.p.m. C1. 
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T A B L E  I I I  Charge transport  parameters of  various selenium-based samples 

Content  Thickness %~ Ph at E = 10 5 V cm-~ Carrier range Schubweg 
~ m )  ~ sec) (10- 3 cm 2 V - l see - 1 ) ( 10 - 7 cm 2 V 1 ) S (#m) 

a-Se 58 10 170 17 29L 
a-Se + 3.5% Te 68 83 12 9.96 15L 
a-Se + 5% Te 64 120 9 10.8 17L 
a-Se + 3.5% Te 61 190 10 19 31L 

+ 10p.p.m. C1 
a-Se + 3.7% Te 58 220 9.8 21.56 37L 

+ 10p.p.m. C1 
a-Se + 4.6% Te 60 312 9.6 29.95 50L 

+ 16p.p.m. CI 
a-Se + 4.6% Te 59 360 8.7 31.32 53L 

+ 26p.p.m. CI 
a-Se + 5% Te 62 410 6.8 27.88 45L 

+ 26p.p.m. CI 

important parameter which is also included in this 
table. S is the distance a charge carrier travels before 
being trapped. As is recorded in Table III, S is several 
times greater than the sample thickness L. If S is 
comparable or less than L, then a considerable num- 
ber of the photo-injected carriers will be trapped and 
the sample will exhibit an unacceptably high residual 
voltage and becomes unsuitable for xerographic pro- 
cess. Note that S is expressed as the multiple of L for 
comparison purposes. These results clearly show that 
chlorine addition improves the hole Schubweg. A 
widely proposed physical interpretation of these data 
is shallow trapping [3, 4]. In ETOF or XTOF experi- 
ments one determines the total time a carrier is free 
and immobilized in shallow traps in the course of its 
transit through the sample. The drift mobility, #, is 
related to the microscopic mobility,/t0, by 

TC 
/t = / t o -  (6) 

T C - ~ -  T r 

where rc is the capture time and Zr is the release time, 
both Zc and r~ depend on the detail of the trap model. 
For example, in the case of a set of traps of density N t 
at a discrete energy Et below the extended state with 
mobility/t0, Equation 6 becomes 

Nc 
/t = /t o ~ exp ( -Et /KT)  (7) 

where Nc is the effective density of states at the band 
edge. A field dependence of the drift mobility in the 
presence of traps could arise from the field dependence 
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Figure 5 Log-log plot of  hole drift mobility plotted against electric 
field for a-Se + 3.7% Te + 10p.p.m. C1. 

of the drift mobility of each of the parameters in 
Equation 6. 

4. Conclusion 
Xerographic properties of various chlorine-doped 
a-Se:Te alloys, namely charge acceptance, dark 
decay, residual voltage and carrier range, were 
measured as a function of applied field and chlorine 
content. It was shown that addition of chlorine to 
Se : Te alloys improves the charge acceptance and the 
dark decay. Chlorine also causes further reduction in 
the residual voltages. All these effects are desirable in 
xerography. In spite of the fall in hole drift mobility, 
carrier range is improved due to substantial increase in 
the hole carrier life time. Transient electron response 
exhibited a rapid decay which was argued to be a 
property of the samples and not an experimental 
effect. Drift mobility and carrier life time were found 
to be field dependent as in a-Se:Te alloys. 
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