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EFFECT OF VARIOUS IMPURITIES ON ELECTROPHOTOGRAPHIC 
PROPERTIES OF Se AND Se-Te ALLOYS 

A. ONOZUKA*, Y. NISHIKAWA"" AND 0 .  ODA* 
*Electronic Materials and Components Research Laboratories, 
Nippon Mining Co. Ltd., 3-17-35, Niizo-Minami, Toda, 
Saitama, 335 Japan **Isohara Plant, Nippon Mining Co. Ltd., 
187-4, Usuba, Hanakawa, Kitaibaragi, Ibaragi, Japan 

Abstract Effect of various impurities and additives on 
electrophotographic properties of Se and Se-Te alloys has 
been systematically investigated by the xerographic measure- 
ment technique. It was found that oxygen has a profound 
effect on the residual potential of pure Se. In order to 
find Se-Te alloys with the residual potential as low as 
possible, various quarternary alloys with V group elements 
(Bi,Sb) and halogens have been prepared and evaluated. 
Se-Te-Sb-Ck alloy showed the best electrophotographic 
properties with the lowest residual potential and dark 
decay. The experimental results are explained by modifying 
the structural defect model developed by Kastner et al. 

INTRODUCTION 

Pure Se and Se-Te alloys are materials which are very important 
for photoreceptors in xerography. Despite this importance, little 
attention has been paid to the purification of selenium and the 
effect of various impurities on the electrophotographic properties 
of Se-Te alloys. It has also been very difficult to explain 
theoretically their electrophotographic properties since Se and 
Se-Te alloys are amorphous semiconductors. 

From the viewpoint of xerographic application, Se-As alloys 
have been used for copiers for a long time because they have an 
excellent sensitivity for long wavelength light and resistance 
to crystallization. However, Se-As alloys have a shortcoming in 
that arsenic is toxic. Se-Te alloys are therefore expected as 
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352 A. ONOZUKA, Y. NISHIKAWA AND 0. ODA 

good alternatives for Se-As alloys except that they are suscep- 
tible to crystallization. 

In our laboratory, we have been systematically studying the 
purification of selenium, and the effect of impurities on electro- 
photographic properties of selenium’’* and Se-Te alloys. 3 , 4  We 

have also applied the structural defect model developed by 
Kastner et al.5 to explain theoretically the effect of impurities 
on the electrophotographic properties of Se and Se-Te alloys. 
In this paper, we report comprehensively our experimental results 
on Se-Te alloys which show the best properties as photoreceptors. 

EXPERIMENTAL 

For the purification of selenium, we optimized not only the final 
vacuum distillation process, but also the previous processes, 
such as the SO2 reduction, ion exchange and Se02 sublimation. 
The purity of selenium was determined by various techniques which 

include atomic absorption spectroscopy, solid mass spectroscopy, 
absorptiometry and neutron activation analysis. 
tion of the purification process selenium of 5N purity level as 
shown in Table 1 can be prepared. 

By the optimiza- 

TABLE 1 

Te <0.01 ppm Mn <0.01 ppm 
As 0.02-0.05 ppm Cr <0.01 ppm 
Sb <0.01 ppm Bi <0.01 ppm 
cu 0.02 ppm Mg <0.03 ppm 
Pb <0.01 ppm Ag <0.01 ppm 
Zn <0.03 ppm T1 <0.01 ppm 
Fe 0.05-0.20 ppm Hg <0.05 ppm 
Ni 10.01 ppm S <0.2 ppm 
A1 <0.07 ppm c1 <0.04 ppm 
Cd ~0.01 pprn Br 0.01-0.03 pprn 
Sn <0.01 ppm I <0.02 ppm 
co <0.01 ppm 

*Abs opt iomet ry 

Typical purity of highly purified selenium. 

Unspecified:atomic absorption spectroscopy 

**Neutron activation analysis 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
3
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



PROPERTIES OF Se AND Se-Te ALLOYS 353 

The purified selenium was doped with various impurities in 

the range between 0.1 ppmw to 1 wt.%. 
alloyed with Te, Bi or Sb, and halogens. For doping and alloying, 
pyrex ampoules containing the materials were vacuum-sealed under 

The selenium was also 

Torr, heated at 450'C for 5 hr in a rocking furnace and were 
rapidly cooled to room temperature. 

Doped specimens were then vacuum-deposited on aluminum sub- 
3 strates of the dimension of 50x50~1 mm . The substrates were 

ultrasonically cleaned in ethyl alcohol, acetone, neutral deter- 
gent Extran MA-02 and deionized water and then oxidized before 
the deposition. The deposition of selenium was performed with a 
source temperature of 270'12, a substrate temperature of 70'C and 
a deposition rate of 0.2 pm/min. The thickness was controlled 

to about 50 pm. 
The electrophotographic properties of the samples prepared 

as mentioned above were measured by conventional xerographic 
technique. The instrument used for the measurements was the 
SP-428 of Kawaguchi Electrics Corp. The instrument consists of 

a corotron, a sample rotating mechanism, a light-exposing mecha- 
nism and a surface-potential measuring apparatus. In order to 
control the temperature at which the measurement was performed, 
an electronic cooler and a heater were provided in the system 

with a temperature controller. As light source, a tungsten lamp 
or a xenon lamp was used depending on the light intensity needed. 
The measurement parameters like the dark decay time, the light 
decay time and the charge-exposure repeating number can be con- 
trolled by an electronic system. 

For evaluating the ease of crystallization, a differential 
thermal analysis system (Rigaku Denk Corp., PTC-1OA) was used 
with a heating rate of 5"C/min. For each measurement, 0.1 g of 

a sample material was charged in a platinum crucible and heated 

in a nitrogen gas flow. 
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354 A. ONOZUKA, Y. NISHIKAWA AND 0. ODA 

EXPERIMENTAL RESULTS 

1. Effect of Various Impurities on the Electrophotographic 
Properties of Selenium 

Effect of various imputies on the electrophotographic properties 
of pure selenium has been examined systematically. 

paper, we report the effect of impurities briefly on the residual 

potential of selenium. 

tial, low charge-discharge cycles and high charge-discharge 
cycles have been performed. In the case of low charge-discharge 
cycles, the residual potential is formed by the space charge due 
t o  the carriers trapped at deeper levels and in the case of high 

charge-discharge cycles, the residual potential is formed by the 

space charge not only due to deep levels but also due to shallower 

levels because the charge-discharge cycle is sufficiently high 

for the carriers trapped at shallower levels not to be released. 

In the present 

For the measurement of the residual poten- 

Figure 1 shows the effect of oxygen on the residual potential 
measured by low charge-discharge cycles. During our  purification 

study, the residual potential measurement was routinely applied 

to evaluate purification process. It was surprising to note that 

the residual potential varied greatly from lot to lot. For in- 

stance, the negative residual potential varied between 20 to 200V 

from lot to lot even though selenium meets the purity require- 

ments as shown in Table 1. Assuming that the cause of this vari- 

ation in residual voltage is because of oxygen impurity levels, 

selenium was further purified in order to reduce the oxygen con- 

tent. It was found that the most purified selenium showed a 

residual potential value that was nearly the same for positive 

charging and negative charging. From this observation, we con- 

cluded that pure selenium has donor and acceptor type deep traps 

with nearly the same concentration. This conclusion is also 

theoretically supported as explained later. 
It may be discerned from Figure 1 that it is quite important 
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FIGURE 1 Effect of oxygen on the residual potential of 
pure selenium. Oxygen content in deposited 
film was measured by FT-IR. 

to control the oxygen content in pure selenium because, if it is 

not controlled exactly, the starting selenium material will 

already have a different residual potential and the effect of 

impurities cannot be precisely evaluated. This observation can 

explain the difference in reported values of residual potentials 
f o r  pure selenium by various investigators. 

In Figure 2 ,  the positive residual potential for various 

impurities measured by low charge-discharge cycles is summarized. 

Even though Bi, Sb and S have the same effect as oxygen, higher 

content is necessary t o  decrease the residual potential. Con- 

trary to 0, Bi, Sb and s, As and P have an effect to largely 
increase the residual potential. 

Figure 3 shows the residual potential measured by high 

charge-discharge cycles. In this case, the residual potential 

is formed not only because of carriers trapped at deep levels 
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FIGURE 2 Effect of various impurities on the residual 
potential in positive charging, measured by 
low charge-discharge cycles. Residual poten- 
tial (Vr+) is normalized by the value of pure 
selenium (Vro+). 

FIGURE 3 Effect of various impurities on the residual 
potential in positive charging, measured by 
high charge-discharge cycles. Residual poten- 
tial ( V r ' )  is normalized by the value of pure 
selenium (Vro') , 

bu t  also because of carriers trapped at shallower levels. It 
can be concluded that impurities with large electronegativity 
such as C1, P, 0, S and A s  have a large effect on increasing the 

residual potential whereas impurities with smaller electronega- 
tivity such as Sb and Bi have an effect on decreasing the residual 

potential. 
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PROPERTIES OF Se AND Se-Te ALLOYS 351 

2 .  Exp lo i t a t ion  of Se-Te Alloys 

Se-Te a l l o y s  are very  a t t r a c t i v e  s i n c e  they have good photosensi-  

t i v i t y  a t  long wavelength l i g h t s  l i k e  Se-As a l l o y s .  However, 

i n  o rde r  t o  apply Se-Te a l l o y s  as main photoreceptors  i n  c o p i e r s ,  

two shortcomings should be overcome, namely l a r g e  r e s i d u a l  

p o t e n t i a l  and ease of c r y s t a l l i z a t i o n .  I n  o rde r  t o  improve t h e  

shortcomings of Se-Te a l l o y s ,  w e  have examined t h e  e lec t rophoto-  

graphic  p r o p e r t i e s  of c r y s t a l l i z a t i o n  of Se-Te a l l o y s  doped w i t h  

one of V group elements  and wi th  one of halogens.  

F igure  4 shows t h e  r e s i d u a l  p o t e n t i a l  measured by low 

charge-discharge cyc le s .  It can be known t h a t ,  by a l l o y i n g  wi th  

T e ,  t h e  r e s i d u a l  p o t e n t i a l  is  increased  and t h a t  i t  is  inc reased  

f u r t h e r  when Sb o r  B i  i s  added t o  Se-Te a l l o y s .  However, t h e  

c h l o r i n e  a d d i t i o n  is  q u i t e  e f f e c t i v e  i n  reducing t h e  r e s i d u a l  

p o t e n t i a l  f o r  every case .  The r e s i d u a l  p o t e n t i a l  becomes n e a r l y  

zero  f o r  a l l  a l l o y s  wi th  t h e  c h l o r i n e  conten t  of more than  10  ppm. 

F igure  5 shows t h e  dark  decay p r o p e r t i e s  of v a r i o u s  Se-Te 

a l l o y s .  

measured a f t e r  holding i n  p a r k  f o r  10 s e c  a f t e r  s u r f a c e  charging.  

I t  can be  seen t h a t  t h e  dark  decay becomes very  l a r g e  i n  t h e  

Surface  p o t e n t i a l ,  Vl0, means t h e  s u r f a c e  p o t e n t i a l  

case  of Se-l3wt.%Te a l l o y s  and Se-13wt.%Te-O.lwt.%Bi when t h e  

c h l o r i n e  conten t  i s  increased  whi le  i n  t h e  case  of 

Se-13wt.%Te-lwt.%Sb, t h e  s u r f a c e  p o t e n t i a l  is he ld  a t  a c e r t a i n  

va lue  even i f  t h e  c h l o r i n e  conten t  is inc reased .  

F igures  6 and 7 show t h e  r e s i d u a l  p o t e n t i a l  measured by h igh  

charge-discharge cyc le s .  I t  can be known t h a t  t h e  r e s i d u a l  

p o t e n t i a l  is decreased i n  t h e  case  of Se-Te-Bi and Se-Te-Sb 

a l l o y s  as t h e  conten t  of halogens are inc reased .  It should a l s o  

be  noted t h a t  t h e  decrease  of t h e  r e s i d u a l  p o t e n t i a l  is  l a r g e r  i n  

t h e  o rde r  of C1, B r  and I .  This  e f f e c t  of halogen is  probably 

due t o  t h e  compensation of d e f e c t s  induced by Sb o r  B i  so t h a t  

t h e  e f f e c t  of t h e  r e s i d u a l  p o t e n t i a l  decrease  is l a r g e r  when t h e  
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ScTa-Sb 1wt.K 

I **- 1 

0 '  undopad1 10 102 
CHLORINE ppm 

Lu 
$300 

SO -To-Sb 
1wt.K - 

0 

-undoPed 1 10 10 
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FIGURE 4 E f f e c t  of c h l o r i n e  on t h e  r e s i d u a l  p o t e n t i a l  
i n  p o s i t i v e  charging measured by low charge- 
d i scha rge  cyc le s  f o r  va r ious  Se-Te a l l o y s .  

measured a t  10 s e c  a f t e r  charging f o r  va r ious  
Se-Te a l l o y s .  

FIGURE 5 E f f e c t  of c h l o r i n e  on t h e  s u r f a c e  p o t e n t i a l  

3 .  C r y s t a l l i z a t i o n  

Even i f  t h e  e lec t rophotographic  p r o p e r t i e s  of Se-Te a l l o y s  are 

s a t i s f a c t o r y  as photoreceptors ,  i t  i s  necessary  t h a t  t h e  material 

is  adequately r e s i s t a n t  t o  c r y s t a l l i z a t i o n .  

c r y s t a l l i z a t i o n  p r o p e r t i e s  measured by d i f f e r e n t i a l  thermal  

a n a l y s i s .  A s  seen i n  t h e  f i g u r e ,  Se-Te a l l o y  and Se-Te-Bi a l l o y  

show a d i s t i n c t  c r y s t a l l i z a t i o n  a t  about 1 5 O o C  whi le  i n  t h e  case  

of Se-Te-Sb a l l o y ,  no c r y s t a l l i z a t i o n  w a s  observed. We can 

t h e r e f o r e  conclude t h a t  t h e  Se-Te-Sb-C1 a l l o y  i s  t h e  b e s t  photo- 

r ecep to r  material  among a l l  Se-Te a l l o y s  i n v e s t i g a t e d  i n  t h e  

p re sen t  work. 

F igure  8 shows t h e  
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PROPERTIES OF Se AND Se-Te ALLOYS 359 

FIGURE 6 Effect of halogens on the residual potential 
of Se-Te-Bi alloys. The residual potential 
was measured by high charge-discharge cycles. 
Effect of halogens on the residual potential 
of Se-Te-Sb alloys. The residual potential 
was measured by high charge-discharge cycles. 

FIGURE 7 

4 .  Explanation by the Structural Defect Model 

Since Se and Se-Te alloys are amorphous materials, it has been 
very difficult to explain the experimental results theoretically 
so that the exploitation of new photoreceptor materials has been 
carried out according to experiences. However, Mott and Kastner 

et a1.5 proposed structural defect models in which they postulated 
that dangling bonds are polarized to positively and negatively 
charged defects. By purifying Se, we found that the purest 
selenium showed nearly the same residual potential for positive 
and negative charging. This experimental fact proves that the 

structural defect model is a reasonable one. 

6 

The structural defect model can be modified easily for 
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Se-Te-Sb 1wt.x 

I , VTm 
100 200 

TEMP. C 
D 

FIGURE 8 Differential thermal analysis data for various 
Se-Te alloys. 

selenium doped with impurities and for selenium alloy added with 
various impurities. 

According to Mott6 and Kastner et a1.5, because of its non- 

crystallinity, structural defects such as dangling bonds and/or 
trivalently bonded selenium atoms are not stable in its neutral 
state. They are rather stable when polarized to positively and 
negatively charged defects. The densities of these defects can 
be deduced by the law of mass action. 

o +  + 0 2  
2c 3 = c3 + c- 1 K = (C3)  x (C;)/(C3) 

These structural defects are believed to form localized energy 
levels in the band gap of selenium and to act as deep traps f o r  

carrier transport. 
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PROPERTIES OF Se AND Se-Te ALLOYS 361 

I n  t h e  case  of pure selenium, t h e  n e u t r a l  condi t ion  f o r  

charged d e f e c t s  is 

This expla ins  why i n  t h e  case  of pure selenium t h e  r e s i d u a l  

p o t e n t i a l  shows nea r ly  the  same va lue  €or  p o s i t i v e  and negat ive  

charging. 

I n  t h e  case  of one kind of impurity.-Ghich is  contained i n  

selenium, t h e  above mentioned model is  e a s i l y  modified. According 

t o  the  e l e c t r o n e g a t i v i t y  of t h e  contained impuri ty ,  t h i s  impuri ty  

atom is  charged negat ive ly  o r  p o s i t i v e l y .  I n  t h e  case  of oxygen, 

s i n c e  t h e  e l e c t r o n e g a t i v i t y  of oxygen (x=3.5) is l a r g e r  than 

t h a t  of selenium (x=2.4), oxygen atoms can be supposed t o  be 

nega t ive ly  charged. The ex i s t ence  of oxygen then a f f e c t s  t h e  

n e u t r a l  condi t ion  of t h e  s t r u c t u r a l  de fec t s  a s  fol lows.  

(3) 
+ 

(C3) = (c;) + (o-) 

By i n s e r t i n g  eq. (3) i n t o  eq. (l), t h e  d e n s i t i e s  of t h e  s t r u c t u r a l  

d e f e c t s  can be  represented as fol lows 

(C:) = ((0-) + J(O')'+4K1)/2 (4) 

I n  F igure  9 ,  t h e  d e n s i t i e s  of s t r u c t u r a l  d e f e c t s  are shown as a 

func t ion  of oxygen content  according t o  t h e  above equat ions by 

changing the  equi l ibr ium cons tan t ,  K ' .  

can be  seen t h a t  by increas ing  t h e  oxygen content  t h e  dens i ty  

of C 

l i n e a r l y  wi th  the  content  of oxygen when t h e  content  exceeds a 

th reshold  va lue ,  This  t h e o r e t i c a l  p red ic t ion  c l e a r l y  expla ins  + 
t h e  experimental r e s u l t  shown i n  Figure 3 .  3 
i nc reases  t h e  r e s i d u a l  p o t e n t i a l  i n  t h e  nega t ive  charge and t h e  

decrease of (C;) decreases  t h e  r e s i d u a l  p o t e n t i a l  i n  t he  p o s i t i v e  

charge. 

0 2  Here, K '  i s  Kx(C3) . It 

begins  t o  decrease and t h a t  of C+ begins  t o  inc rease  1 3 

The inc rease  of (C ) 

The experimental r e s u l t  is i n  good agreement wi th  t h i s  
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362 A. ONOZUKA, Y. NISHIKAWA AND 0. ODA 

theoretical prediction. 

The above structural defect model can also be modified for 
Se-Te alloys doped with various impurities. A s  an example, the 
case of Se-Te-Sb-C1 alloys is considered. Since Te and Sb have 

smaller electronegativity than Se, they are expected to act as 

positively charged defects while chlorine is expected to act as 
a negatively charged defect because the electronegativity of 
chlorine is larger than that o f  Se. The neutral condition can 
therefore be rewritten as follows. 

(C;) + (Te') + (Sb+) = (Ci) + (C1-) 
By inserting eq. (6) into eq. (l), using a constant K' and a 
variable Ci(Ci=(Te )+Sb )-(.Cl-)), the densities of structural 
defects can be represented as follows. 

+ +  

(.C;) = (.J(Ci)'+4K1-(Ci))/2 (7) 

(C;) = ((Ci)+d(Ci)2+4K')/2 (8) 

Structural defect concentrations can then be calculated as in 
the case of oxygen doping except that the varjable is changed 

from (0-1 to Ci as shown in Figure 10. From Figure 10, it can 

easily be known that if the concentration of Te and Sb is 
increased the concentration of (C-) is increased while if the 
concentration of C1 is increased, the concentration of (C-) is 
decreased. This theoretical prediction is very coincident with 
the experimental results. A s  shown in Figure 4, the residual 
potential is increased when the content of Te and Sb is increased 
and it is decreased when the content of chlorine is increased. 
In this way, the structural defect model is very useful t o  pre- 
dict the electrophotographic properties of Se-Te alloys doped 
with various impurities. Howeyer, the model is not yet complete 
from the viewpoint of the quantitative prediction of the electro- 
photographic properties. For this purpose, it is needed to 
modify the model considering quantitatively the electronegativity 

1 

1 
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and the ionization ratio of each 

is now under research. 
element in Se. This improvement 

r 
Ci - 
C j  - 

I '  ' I  

FIGURE 9 Theoretical calculation of defect concentra- 
tions as a function of oxygen. 

tions as a function of the difference of 
various impurity content, Ci. 

FIGURE 10 Theoretical calculation of defect concentra- 

CONCLUSION 

In the present work, we have examined the effect of various 

impurities contained in pure selenium and various additives con- 
tained in Se-Te alloys on the electrophotographic properties. 

It was found that among various impurities in pure selenium, 
oxygen is one of the most important since it is difficult t o  

control and it greatly affects the residual potential of pure 
selenium. 

A s  for Se-Te alloys, the best material is Se-Te-Sb-C1 alloy, 
not only from the viewpoint of the electrophotographic properties 
but also from the viewpoint of crystallization. 
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In the present work, the theoretical explanation was also 
given by modifying the structural defect model developed by 
Kastner et al. 
case of impurities in pure selenium but also for Se-Te alloys 
with added impurities. 
exploitment of Se-Te alloys but for the quantitative prediction 
of the electrophotographic properties, further improvement of 

the model is desired. 

The model could be well applied not only for the 

The modified model is useful for the 
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