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As- and Cl-doped, stabilized amorphous Se films have been utilized in photoconductive devices, while roles of the co-doping 

with a fixed As/Cl ratio remain speculative. We study the mechanism through analyses of structural and electronic energies in 

relevant Se clusters using ab initio calculations. The result suggests that, while sole doping of As and Cl causes gap states for 

holes and electrons, respectively, the co-doping produces -(As-Cl)- units in Se chains, which possess no gap states.  
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1. Introduction 

 

Photoconductive applications of amorphous (a-) Se 

films have been growing from xerography [1,2] to 

sophisticated devices including avalanche vidicons and 

x-ray imagers [3,4]. These applications owe to the 

characteristic properties of a-Se, prominent 

photoconductivity and high dark-resistivity, the latter being 

inherent to the amorphous state. However, a disadvantage 

of pure a-Se is the thermal unstability, i.e., crystallization 

upon long storage in humid atmospheres [1]. In order to 

suppress the unstability, we commonly employ the 

so-called “stabilized a-Se film”, having dopants with 

typical concentrations of 0.2% As and 20-ppm Cl, which is 

deposited onto substrates held at temperatures Ts of ~60 °C 

[5-7]. Such doping and preparation procedures seem to 

have been empirically selected [8], while despite of long 

usage of the films, the atomic structure and the doping 

mechanism remain elusive. It is also noted that Se can be 

regarded as the simplest lone-pair electron semiconductor 

[2,3], and understanding of doping mechanisms in the 

amorphous film is an invaluable subject in semiconductor 

science, which we will try to foster in the present work.  

Stabilized a-Se films may be deposited as follows: It 

has been demonstrated that Se vapors consist mainly of Se2, 

Se5, and Se6 clusters, the composition naturally varying 

with the temperature of an evaporating boat [1, 9-13]. Here, 

it remains vague whether these Sen clusters with n ≥ 3 take 

chain or ring forms in real situations, though calculations 

have asserted stability of rings [14-17]. In addition, how As 

and Cl dopants are contained in these Se clusters has neither 

been known. In any way, such clusters impinge upon 

metallic substrates held at Ts, ~60°C or annealed at ~60°C 

after deposition, wherein some structural relaxations will 

take place [18]. Since no electron-spin signals have been 

detected in dark-stored a-Se films [19] and glassy Se 

[20,21] as well (with estimated sensitivity of ~10
15

 

spin/cm
−3

) and the films deposited at higher temperatures 

are known to contain trigonal (t-) Se crystallites [1,22], it is 

plausible that the a-Se film with Ts ≈ 60 °C consists mainly 

of entangled chains [1-3,6,23,24]. Provided that the a-Se 

film resembles glassy Se, single chains may have ~10
6
 

atoms [1,3]. In more details, it has been demonstrated that 

film properties are affected by various factors, such as 

impurities [1,2,25], chemical forms of dopants [26], and 

preparation procedures of Se sources for evaporation [27], 

which add difficulties in preparation of the film with 

reproducible properties. 

We here focus upon the doping effect of As and Cl into 

a-Se. It is straightforward to assume that a trivalent As 

(4s
2
p

3
) atom cross-links Se chains, which improves thermal 

stability through rising the crystallization [1] and 

glass-transition temperatures [28]. However, it is also 

known that the As doping tends to lengthen and shorten, 

respectively, electron and hole lifetimes [2,5,6,8,18], in 

which the reduction of the hole lifetime is fatal, since the 

holes, being more mobile than electrons in a-Se, govern the 

photoconduction. Then, to compensate the lifetime 

reduction, we may add Cl (3s
2
p

5
) with a ratio of 10

−2
 to As, 

while the co-doping mechanism remains vague [5-7]. 

Incidentally, sole doping of Cl atoms, which probably 

terminate Se chains [29], is demonstrated to reduce the 

electron range μτ (the drift mobility and the lifetime) with 

little effects upon the hole range [8, 30]. It should also be 

mentioned that, to the author’s knowledge, no ESR studies 

concerning As and/or Cl doping have been reported, while 

the cross-linking and the terminating form are likely to 

generate no spin signals. 

How can we understand these dopant effects on carrier 

transports? It is plausible that these behaviors are governed 

by gap states [7, 31], for which some ideas have been 

proposed. Conventional models assume some density 

modifications of dangling bonds by the dopants [2,5,6]. 

However, existence of the dangling bonds in a-Se has been 

questioned from several aspects [3]. In addition, the 

estimated density of native defects in a-Se is 10
16

 cm
−3

 [32], 
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only ~10
0
 ppm of the total atoms, which is much fewer than 

the dopant densities with the orders of 10
−1

 % As and 10
1
 

ppm Cl. It then seems valuable to examine alternative ideas. 

Hence, in the present study, we study the doping effects of 

As, Cl, and the co-doping with the specified ratio. Several 

Se clusters containing As and/or Cl are analyzed using an 

ab initio quantum chemical software, the result suggesting 

certain roles of As and Cl dopants and a co-doping 

mechanism. Specifically, the selected ratio ~10
−2

 of Cl/As 

will be ascribed to suppression of chain-terminating As-Se 

ring structures. 

 

 

2. Calculation 

 

The present calculation employed a visualization 

platform Winmostar V5 [33] and an ab initio quantum 

chemical package GAMESS (1 May 2013 version) [34]. A 

selected base function was of the 6-31+G* type, and HF 

(Hartree-Fock) and B3LYP-DFT (Becke’s three-parameter 

hybrid exchange functional and the Lee-Yang-Parr 

correlation function, Density Functional Theory) 

approximations were adopted. These combinations have 

been demonstrated to provide quantitatively plausible 

results with acceptable computation times (≤ 1 day) [25]. 

Calculations were performed for several electronic 

parameters of small Se clusters, the structures being 

optimized through an energy-minimization procedure in 

GAMESS.   

 

 

3. Results and discussion 

 

3.1. Bond energy 

 

At the outset, it may be in order to examine the bond 

energy under the present approximations. Table 1 compares 

the Pauling’s bond energy [35] and the present results under 

the HF and DFT approximations. We see that the 

GAMESS-DFT results are more comparable to the 猿
empirically determined Pauling’s values. In addition, the 

previous work has demonstrated that the DFT gives more 

plausible electronic properties [25]. Accordingly, we will 

adopt the DFT approximation hereafter. 

 

Table 1. Bond energies [eV] of the listed atom combinations, given by Pauling and evaluated for the hydrates using 

GAMESS under HF and DFT approximations. For the GAMESS result of, e.g., Se-Se, the difference  in  the  total 

energies between HSe-SeH and 2(HSe-) is tabulated 

 

Bond, Unit Pauling GAMESS HF GAMESS DFT 

H-H 4.53 3.56 4.76 

Se-Se, H-Se-Se-H 1.91 1.12 2.26 

As-As, 2H=As-As=2H 1.40 1.14  2.07 

Se-As, H-Se-As=2H 1.81 1.31 2.31 

Se-Cl, H-Se-Cl 2.58 1.12 2.50 

As-Cl, 2H=As-Cl 2.96 1.90 3.07 

 

3.2. Pure Se 

 

Before considering the doping effect, we need to model 

atomic and electronic structures of pure a-Se. Previous 

studies suggest that the atomic structure consists mostly of 

entangled, partially ring-like polymeric chains [1,2,23,24], 

for which the electronic structure may be estimated from 

analyses of elemental clusters. Accordingly, in Ref. 25, the 

author studied wavefunctions and energies of HOMO and 

LUMO levels, which correspond to the valence-band top 

and conduction-band bottom in solids, in several Se clusters, 

including helical H-nSe-H chains, Sen rings, etc. Some 

results are replotted in Fig. 1.  

 

 

 

We see that the structurally-optimized H-nSe-H gives 

consistent results with previous observation. Regarding the 

HOMO-LUMO gap, with increasing n it becomes narrower 

to ~3.5 eV, which is in harmony with the Tauc optical gap of 

~2.0 eV in a-Se [1,2]. For the atomic structure, the Se-Se 

length r, bond angle θ and dihedral angle φ are, respectively, 

2.37 Å, 107° and ~80°, which are comparable with 

theoretical and experimental values in single chains, 2.4 ± 

0.5 Å, 105 ± 5˚ and 80 ± 5˚ [36-41] and in t-Se, ~2.35 Å, 

~105° and ~102° [24]; with a marked difference in the 

dihedral angles (~80º and ~103º) being attributable to 

interchain interaction. Concerning disorder effects, the 

analyses have demonstrated that the HOMO level is 

substantially influenced by fluctuations of the dihedral 

angle and the interchain separation, while the LUMO level 

varies with the length of chain segments. 
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Fig. 1. HOMO (lower) and LUMO (upper) energies of 

helical H-nSe-H (●), Sen rings (⊚) and H-nSe-Cl (○) 

chains as a function of n. The insets illustrate HOMO 

(lower) and LUMO (upper) wavefunctions of H-8Se-H 

(left) and H-8Se-Cl (right), in which the  yellow,  orange  

and  green  spheres depict H, Se and Cl,  

        respectively 

 

 

We also see in the figure that small Sen rings with n = 3 

~ 5 produce smaller HOMO-LUMO gaps and the gaps in 

larger rings approach to that of the chains. The deviated 

HOMO and LUMO levels in the small rings arise, 

respectively, from stronger interaction between lone-pair 

states and from weaker σ* (anti-bonding) interaction, 

which result from fairly planar (φ ≥ 125º) ring structures 

with long bond distances (r ≥ 2.39 Å) and small bond 

angles (θ ≤ 100º), the shape being consistent with the 

previous calculations [14-17]. Naturally, reflecting such 

strained structures, the total energy of the small rings is 

higher (more unstable) than that of the chain by 0.4 − 1.4 

eV/ring, or 0.1 − 0.3 eV/atom. Hence, provided that Se 

films are thermally equilibrated at Ts (~60 ºC), the fraction 

of Se atoms forming such small rings (or ring-like curled 

chains) is estimated at ~10
–3

. In larger rings (or ring-like 

chains), the short-range atomic structure is similar to that of 

the chain, with the dihedral angles of alternative signs 

[14-17], which gives rise to nearly the same 

HOMO-LUMO gaps, as shown in the figure. We also 

envisage that, in addition to the small rings (or ring-like 

chains), defective structures such as intimate 

valence-alternation pairs may exist [25]. It is hence 

plausible that, in pure a-Se, a few small ring(-like) and 

defective structures behave as carrier traps. 

 

3.3. Cl effects 

 

Fig. 1 also compares electronic levels and 

wavefunctions of the two kinds of chains, H-nSe-H and 

H-nSe-Cl. We see different characters of the HOMO and 

LUMO levels.   

The two HOMO levels are positioned at nearly the 

same energy, −6.5 eV, almost independent of n, with 

shallow hollows at n ≈ 2. These resembling behaviors arise 

from the fact that the HOMO levels are governed by the 

lone-pair state of Se atoms, as shown in the insets. The 

interaction becomes minimal at n ≈ 2, reflecting 

perpendicular lone-pair wavefunctions, which explains the 

hollows. The little Cl effect on the HOMO level in these 

clusters implies that the hole conduction in a-Se is mostly 

intact with the Cl doping, in consistent with unchanging 

hole μτ with Cl doping [8, 30].  

On the other hand, the LUMO levels exhibit two 

contrastive behaviors. One is that the H-nSe-H cluster 

manifests a dramatic energy decrease from n = 1 to ~4, 

which approaches to a saturated value of −3.1 eV. This 

decrease is ascribable to extension of one-dimensional 

quantum wells produced by the σ* wavefunctions lying 

along Se chains. By contrast, the H-nSe-Cl cluster takes a 

lower, nearly-fixed LUMO level, at about –3.2 eV, which is 

dominated by the σ* state of the terminal Se-Cl bond, as 

shown in the inset. Actually, additional calculations have 

demonstrated that the level is sensitive to the Se-Cl distance. 

Finally, it should be mentioned that the Mulliken’s atomic 

charges of the -Se-H and -Se-Cl pairs in these chains are 

−0.08/+0.11 and +0.09/−0.12, with other Se being mostly 

neutral (≤ 0.01).  

In short, the sole Cl doping into Se seems to exert two 

effects. One is that the lower LUMO level and the ionizing 

Cl clusters make the terminal -Se-Cl an electron trap. The 

other is a topological effect that the Cl doping into a-Se 

probably assists to shorten Se chains, which may contribute 

more markedly to scission of the σ* wavefunctions. These 

two factors appear to reduce μτ of electrons with hardly 

affecting hole transport, as experimentally demonstrated [5, 

8, 30].  

 

3.4. As effects  

 

An As atom can be a nucleus generating several kinds 

of connections in a-Se, including triangular apexes 

extending three Se chains, =As-As= homopolar bonds, and 

so forth. Among those, what are interested in are 

relatively-stable structures which affect carrier transport 

through electronic and conformational effects. We will 

examine related clusters, taking H-nSe-H as references. 

It is reasonable to assume that high bond strength of 

As-Se (Table 1) makes As triangular pyramids the most 

abundant As-related structures. We model such connections 

by the pyramidal clusters, As≡3((n/3)Se-H). Its stability has 

been examined through calculating the total energy, which 

demonstrates that As≡3((n/3)Se-H) is more negative, i.e. 

stable, by ~0.5 eV/unit than that of an isolated system 

consisting of the same atoms, As≡3H, H-nSe-H and –H2. 

The result implies that the As pyramid exists ubiquitously 

in As-doped a-Se, which may suppress the occurrence of 

unstable small ring(-like) structures.  
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Fig. 2. HOMO and LUMO energies of As≡3((n/3)Se-H) 

pyramid (∆) in comparison with those of H-nSe-H (solid   

lines) as a function of the contained Se numbers n. The  

      insets show HOMO and LUMO wavefunctions  

of a structurally-optimized As≡3(3Se-H) 

 
On the other hand, as shown in Fig. 2, the pyramidal 

structures have the HOMO and LUMO levels at around 
−6.5 eV and −2.5 eV, the latter decreasing to –3.0 eV with n. 
The LUMO level is located at higher energies than the 
chain level, which seems to reflect a higher energy of the 
σ*(As-Se) state than that of the σ*(Se-Se). Concomitantly, 
the As-crosslinking enhances σ*-bond networking, which 
may contribute to lengthen the electron lifetime, as 
experimentally demonstrated [6,8,18]. In contrast, the 
HOMO level is located at nearly the same energy with that 
of the chain, and accordingly, the As pyramid is assumed to 
cause little ill-effects on hole transport.  

We then inspect other As-related structures. Fig. 3 

summarizes the electronic energies and the structural 

unstability ∆E, which is measured as the difference in the 

total energy from that of the As pyramid. Hence, in this 

representation, the pyramid is plotted by the two sun 

symbols at ∆E =0 with the HOMO and LUMO levels at 

−6.5 and −2.5 eV (Fig. 2). The two horizontal lines depict 

the two electronic levels of a reference chain with n ≈ 15 

(Fig. 1). 

The As-As homopolar bond may be the first candidate. 

Total energy calculations have demonstrated, as shown by 

the double circles in Fig. 3, that the bond is located at ∆E 

≈ 0.23 eV. Here, again assuming thermal equilibrium at 

60ºC (kBT ≈ 30 meV), we obtain exp(−∆E/kBT) ≈ 0.0005 

(=0.05%), i.e., a very few, doped As atoms may form the 

homopolar bond. Incidentally, a typical purity of Se ingots 

employed in conventional experiments is, at most, 6-nine 

(10
−6

 impurity) [1, 21, 26], so that if the concentration of 

doped As is 0.2%, we can neglect the As-related structures 

fewer than 0.05% (= 500ppm), as indicated by the yellow 

arrow in Fig. 3. On the other hand, the HOMO level of the 

bond is located at nearly the same energy with that of the 

chain, the both being governed by the Se lone-pair states. 

By contrast, the LUMO level is located at higher positions, 

reflecting higher σ*(As-As) states. In short, in a-Se, the 

As-As homopolar bond may produce a barrier to electron 

motion while it hardly affects hole transport. Calculations 

have also demonstrated that As-related structures such as 

-As=2Se=As- can be neglected due to scarcity. 
 

 

Fig. 3. Energy levels and structural unstability ∆E, 

measured with reference to that of the As pyramid, of 

several As-Se clusters; As pyramid (sun), =As-As= 

(double circle), -As=2Se (triangle), -As=3Se (square), 

-As=4Se (pentagon), and -As=5Se (hexagon). The two 

horizontal lines depict the HOMO and LUMO levels of the 

Se chain, and the upper scale represents a fractional 

existence ratio of the clusters, which is calculated under  

an assumption of thermal equilibrium at 60ºC 

 

 

 Among a variety of As-related structures, 

As-mediated terminal rings -As=mSe (Fig. 4) seem to play 

a key role. The electronic levels and ∆E naturally vary with 

m and are also modified by conformational variations of 

attaching Se chains, as represented by distributed same 

symbols. Nevertheless, as shown in Fig. 3, reflecting 

structural strains, ∆E tends to increase in smaller m clusters, 

with an inversion at m = 2 and 3, which is ascribable to 

unique conformations (θ ≈ 60º and 90º). On the other hand, 

the HOMO level tends to shift higher in smaller m clusters, 

which is due to enhanced lone-pair interaction resulting 

from paralleled wavefunctions, as illustrated in Fig. 4.  By 

contrast, the LUMO level is roughly the same with that of 

the chain.  

We here point out the importance of -As=5Se terminal 

rings. As shown by the hexagons in Fig. 3, the fractional 

density of such rings is estimated at ~1% of the doped As, 

i.e., 10
−5

 of the total atom if the doped As density is 0.2%. 

And, the HOMO level is higher by ~0.5 eV than that of the 

chain. Needlessly, the level could be broadened in a-Se, due 

to disorder structures, while the effects on Se chains and the 

terminal rings are assumed to be of similar degrees. 

Accordingly, in a-Se, the terminal ring possibly works as a 

hole trap and shorten the hole lifetime, which is consistent 

with experimental observations [6, 8, 18].  
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Fig. 4. HOMO (lower) and LUMO (upper) wavefunctions 

in H-Se-As=5Se (left) and H-2Se-As=3Se (right) 

 

 

Finally, it would be valuable to note an As effect on 

O-contaminated Se. It is known [1] that the electrical 

resistivity of Se is surprisingly sensitive to ppm-order 

O-impurities, which may produce deep LUMO levels 

working as acceptors, while those can be compensated by 

As doping [25]. Such a compensation effect may contribute 

to lengthen the electron lifetime, as experimentally 

demonstrated [6,8,18].  

 

3.5. Co-doping effects  

 

When As and Cl are co-doped, since the As-Cl bond 

has the highest bond strength (Table 1), this bond 

suppresses preferentially the occurrence of more unstable 

As-related structures. And, if the density of Cl is 1/10
2
 of 

the As density, all the unstable As-structures with ∆E ≥ 0.15 

eV, including −As=mSe rings with m ≈ 5 and =As−As= 

homopolar bonds, cannot appear (see, Fig. 3). In  

 

 
Fig. 5. HOMO and LUMO energies of 

H-mSe-(As-Cl)-lSe-H with those in the helical H-nSe-H 

chain as a function of the total Se number n (= m + l), with 

the insets illustrating the HOMO and LUMO wavefunctions of   

         an energy-optimized H-2Se-(As-Cl)-2Se-H  

cluster 

the ideal situation, there might exist only the As pyramids, 

which are harmless to hole transport, and As-Cl units.  

Then, the last problem is “Where are the electronic 

levels of the As-Cl unit?” Fig. 5 shows that the HOMO and 

LUMO levels of H-Se…-(As-Cl)-…Se-H are located at 

around −6.8 eV and −2.5 eV, being lower than and similar 

to those of H-nSe-H chains, respectively. Such situations 

arise from the facts that, as shown in the insets, the As-Cl 

unit tends to split and weaken the lone-pair interaction, 

while its effect upon the σ* state seems secondary. As the 

result, the structure produces no hole traps, the result being 

in consistency with the observations [6].  

 

 

4. Conclusions 

 

We have studied the doping mechanism in stabilized Se 

films through ab initio calculations of electronic and 

structural energies in several Se clusters. As atoms with a 

concentration of ~0.2%, which are incorporated into a-Se 

for improving thermal stability, nucleate various atomic 

structures, including As pyramids, which are the most 

common, =As-As= homopolar bonds, and -As=mSe 

terminal rings. The last one, specifically m ≈ 5 with a 

typical concentration of ~1 % of the total doped As atoms, 

seems to cause fatal gap states for holes. Addition of 

20-ppm Cl suppresses the occurrence of the terminal rings 

through producing As-Cl units, which can smear out the 

gap states.  

The present cluster calculation has also revealed a 

general rule: the structural units having stronger lone-pair 

and weaker σ* interactions, respectively, produce higher 

HOMO and lower LUMO states, which are likely to behave 

as hole and electron traps in disordered lone-pair 

semiconductors.  
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