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Abstract: A theoretical study on the effects of a moderate amount of sulfur when used as substituent impurity in place of 
oxygen in zinc oxide at its crystal form using Density Functional Theory (DFT). S-substituent amounts in percent go from 
0.1% up to 1.0% and we analyze modifications in the crystal properties such as lattice characteristics, total energy, and 
gap energy. Lattice parameter c increased slightly as S-substituent percent increased, lattice parameter a had an opposite 
behavior because it decreased as the S-substituent increased and c/a rate had ups and downs but with very slight variation 
between consecutive values. Total energy calculations showed an increasing trend at all times and binding energy showed 
a decreasing trend at all times as the substituent percent increase but the variation between consecutive points was small. 
Gap energy had a decreasing trend with a maximum variation of 6.57% at 1.0% S-substituent from pristine ZnO. To cor-
rect DFT underestimation of gap energy we applied a correction factor and found a decreasing trend as the substituent 
percent increase and observed the highest difference from undoped ZnO was 1.42% at 1.0%S-substituent. We study the 
effects on the ZnO structure occurring when moderate S-substituent amounts from 0.1% to 1.0% are used and provide 
new knowledge to predict if the geometric and electronic structure changes may be suitable for new applications of ZnO 
in opto-electronics. 
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1. INTRODUCTION 

Zinc oxide (ZnO) is a material with a wide array of ap-
plications and potential for applications in future technolo-
gies. Besides of merely using the bulk, the interest in quan-
tum size effects has increased, especially because expertise 
in synthesizing ZnO nanowires both by vacuum [1,2] and 
solution-based [3-5] methods has multiplied. Also, despite of 
ZnO band gap (3.37 eV) is too large for use in efficient pho-
tovoltaic devices [6], attempts have been done to construct 
photovoltaics devices with schemes such as n-ZnO/p-CdTe 
thin film heterojunctions [7,8], ZnO/CdSe composites [9],  
n-ZnO/p-Cu2O heterojunctions [10,11], n-ZnO/p-Si hetero- 
structures [12,13], ZnO-nanocrystal/organic-polymer hybrid 
photovoltaics [14-21] and, ZnO-nanocolumns as electrodes 
for dye-sensitized photoelectrochemical cells  [22]. Silicon-
based photovoltaics are limited by the high cost and energy 
input required to create the highly purified. Relying on toxic 
and somewhat less abundant CdTe and CdSe, and organic 
photovoltaics suffer from low efficiency and short operating 
lifetimes (due to oxidative damage to the polymers), respec-
tively [23]. A variety of experimental methods for partial 
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conversion of ZnO nanowires into ZnO/ZnS core/shell 
nanowires [24-30] which are non-toxic and common materi-
als in nature. 

In the other hand, much attention has been drawn to 
polymer solar cells for their advantages in low cost and light 
weight compared to traditional solar cells [31–33]. However, 
it has been proposed that light absorption within these thin 
layers can be increased by changing the spatial distribution 
of the optical electric field inside the device [34,35]. The use 
of TiO2 as an optical spacer has been reported before [34]; 
ZnO is known to have similar characteristics than TiO2. In 
addition, Gilot et al. [36] presented theoretical and experi-
mental results assessing the origin of the increased current in 
P3HT:PCBM solar cells with a ZnO spacer layer. According 
to Wo et al. [37] transparent conducting oxide (TCO) layers 
are suitable to be used as front electrodes in thin film solar 
cells [38,39]. ZnO has also been used as a sensor for hydro-
gen and carbon hydrides since the conductivity of thin zinc 
oxide films varies considerably with hydrogen gas pressure 
[40-42].  

References within this section prove that ZnO is an inter-
esting material for study and its potential is increased with 
the fact that combining a base material with small amounts 
of a different material can modify the base material proper-
ties; this option widens the possibilities of zinc oxide (ZnO) 
for new applications. In semiconductors, such technique is 
commonly used to achieve a modification in the opto-
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electronic properties [43-45] and several teams have been 
working on improving such characteristics as well as other 
features like conductive and magnetic properties by using 
impurities in different percents and locations [46-48].  

Our study relates to the effects of substitutional impuri-
ties on the ZnO opto-electronic properties, topic that has 
been raising interest lately no only in ZnO but also in other 
materials [49-54]. In this work we focused on ZnO due to its 
great potential in opto-electronic applications which have 
increased remarkably in latest years [55]. We use substitu-
tional impurities as a technique to modify ZnO characteris-
tics by reducing the gap energy and positively affect related 
properties [56,57]. We developed a theoretical study using 
Computational Chemistry and Density Functional Theory 
(DFT). Recently sulfur has been used as an impurity added 
to ZnO nanoforms [51,52] with good results but, there are 
few studies available related to such combination of materi-
als and that is one of the reasons to use sulfur as the combin-
ing material in this work. 

We develop an analysis on a ZnO crystal with S as a sub-
stituent of O at different percents that go from 0.1% to 1.0% 
which represents a moderate impurity proportion. Sulfur 
replaces the O in ZnO in its wurtzite form which is the ZnO 
more usual presentation in nature. We analyzed the lattice 
parameters, total energies, binding energies, and gap energy, 
then adjusted the data by means of a regression and analyzed 
the trends. Our study enhances the understanding of the ef-
fects in crystal ZnO when sulfur is used as a substitutional 
impurity. This work provides additional knowledge to quan-
tify the effects of S in substitution of O in the crystal struc-
ture of ZnO, such knowledge will help estimate in advance, 
using a theoretical perspective, the expected modification of 
electronic properties and if the modified semiconductor is 
suitable for a particular application. 

2. THEORY AND COMPUTATIONAL DETAILS 

Calculations were performed using Density Functional 
Theory (DFT) with the generalized gradient approximation 
(GGA) [58,59] and the corrected exchange-correlation by 
Perdew-Burke-Ernzerhof (PBE) [60] as implemented in the 
computer program Cambridge Serial Total Energy Package 
(CASTEP) [61-63]. Pseudopotentials with the plane-wave 
total energy [64-66] were employed. The self-consistent total 
energy in the ground state was effectively obtained by the 
density-mixed scheme [67]. Atomic positions were opti-
mized by minimizing the total energy using the quasi-
Newton method with the Broyden-Fletcher-Goldfarb-Shanno 
Hessian scheme (BFGS) [68]. Ultrasoft pseudopotentials 
[64,65] were employed to treat core electrons. CASTEP 
works with periodic systems by considering the contents of 
only a single repeat unit (unit cell), interactions with the vir-
tually equivalent cells are described with mathematical tech-
niques as implemented in CASTEP [63]. For all calculations, 
we used a single ZnO crystal unit cell in its wurtzite form 
with lattice parameters of 3.2493Å for a, and 5.2054 Å for c 
with a 9x9x6 k-point mesh. We created a ZnO crystal for 
each percent level and we applied S in substitution of O us-
ing substitution levels from 0.1% to 1.0% based in the atom 
count. For each structure, we applied the BFGS method to 
make the geometry optimization and using the optimized 
structure we made energy calculations to obtain the effects of 

S-substituent in the ZnO structure. To compare stability we 
calculated the binding energy/atom (BE/atom) to identify the 
most stable cluster which is calculated from the next equa-
tion: 

BE/atom = nE(Zn) + mE(O) + p*E(S)  -  ET(ZnO) / n + m + p 

where E(Zn), E(O), E(S) and E(ZnO)n are the total energies 
of the Zn atom, O atom, S atom and ET(ZnO) is the total 
energy of our (ZnO) structure; all structures within this work 
are built with common characteristics except by the substitu-
ent content, in this way, n corresponds to the number of Zn 
atoms, m corresponds to the number of O atoms and p corre-
sponds to the number of S atoms within the structure. For 
our GGA calculation of gap energy we used a correction 
technique known as the scissors operator [69,70] and ob-
tained a better approximation to the real gap energy. 

3. RESULTS AND DISCUSSION 

3.1. Lattice Parameters  

Lattice parameters a-b, c and rate c/a for pure ZnO calcu-
lated with the method described in the prior section resulted 
on 3.2989Å for a, 5.30221Å for c and 1.6073 Å for c/a rate. 
These results are considered acceptable since they are in 
good agreement with the reported parameters from experi-
mental and theoretical works which are 3.2488 Å for a, 
5.20585 Å for c and 1.633 Å for c/a [71]. Size for parameter 
b is the same than size for parameter a at all times and for 
simplification in the next pages we will mention only pa-
rameter a. We calculated a 1.5% error for parameter a, 1.9% 
for parameter c and 0.78% for c/a rate. This error is low and 
confirms our calculations and method have acceptable accu-
racy. The same method was used for the optimized geometry 
calculations made in our ZnO structures when S was used as 
a substituent of O using different percentages from 0.1% 
until 1.0%. 

The results for the geometry optimization for lattice pa-
rameters a, c and c/a are shown at Table 1. Results for pa-
rameters a, c, and a/c rate showed a sligthly increasing trend 
as the S-substituent percent increases. The data points for 
latice parameters a, c and c/a rate were adjusted by means of 
a linear regression giving the next equations; y = 0.3835x + 
3.2926 for parameter a, y = 1.7648x + 5.3053 for parameter 
c and y = 0.3475x + 1.6113 for c/a rate, with x as the inde-
pendent variable for the S-substituent percent and y as the 
dependent variable in Amstrong (Å) for the lattice parameter 
length. All three equations have a positive slope value which 
indicates the increasing trend noted before. The equation for 
parameter a shows a slightly higher slope value but not too 
high, which indicates slightly bigger changes from point to 
point as the S-substituent percent increases. In this work we 
report a growing trend on lattice parameters as the substitu-
ent percent increases which is in disagreement with the work 
by Kar et al. [72]. In their work, they used ZnO/ZnS het-
erostructures and reported a lattice decrease for zinc blende 
ZnO from 4.6 Å to 2.61 Å. Regression on data points per our 
calculations on ZnO with S as substituent show a positive 
slope which indicates an increasing trend as the S-substituent 
increases but, even though lattice parameters had overall a 
growing trend, such trend was not effective for consecutive 
points at all times. Actually, lattice parameter c increased 
slightly as S-substituent percent increased but lattice parame-
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ter a behavior was the opposite because it decreased as the S-
substituent increased.   

We analyzed how much lattice parameters changed with 
respect to pristine ZnO. To do this, we made a simple calcu-
lation called differences (D) through this document. So when 
we refer to the differences in this paper means the value 
showed as a percentage was found by using the next arithme-
tic equation: 

  

(DLP
a

0.2% S ) =
[(LP

a
0.2% S ) (LP

a
pure)]

(LP
a

0.2% S )
100          (1) 

Where D = difference in percent, LPa = lattice parameter a,  
0.2% S = for 0.2% S as example only; it will vary according 
to the substituent content (0.1%-1%). 

Instead of the arithmetic difference we used percents of 
change in our analysis for the lattice differences calculated 
for each S-substituent level. For the analysis of differences 
we used our results from GGA calculations for pure ZnO and 

structures with S-substituent so all the values compared are 
consistent with the same geometry optimization method. We 
used the simple equation showed previously for analyzing 
parameter a results when ZnO was in its pristine form as 
well as for the case when S was added into ZnO. The same 
methodology was used to calculate the differences for pa-
rameter c and c/a rate.  

Parameter a DLP data points were graphed and showed a 
non-linear curve which we adjusted to the 6th power equa-
tion:  
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Parameter a decreased when compared to pure ZnO and 
the smaller value for lattice parameter a was -0.29% and was 
observed at 0.1% S-substituent. On the other hand, the 
higher value for lattice parameter a was -0.01% and was 
observed at 0.9% S-substituent level. Overall the differences 

Table 1.  Results for Lattice Parameters a/b, c, c/a, and Total Energy as Calculated in CASTEP.  

S (%) a , b (Å) c (Å) c/a 

Formation Energy 

(eV) 

Total Energy  

Differences in % 

Total Energy 

Delta in % 

Ref 3.2488 a 5.2059 a 1.6330 a  --  --  -- 

0% 3.2989 5.3022 1.6073 -4294.6  --  -- 

0.1% 3.2895 5.3117 1.6148 -4294.1 -0.0099% -0.0099% 

0.2% 3.2931 5.3041 1.6107 -4293.7 -0.0196% -0.0097% 

0.3% 3.2930 5.3086 1.6121 -4293.3 -0.0292% -0.0097% 

0.4% 3.2928 5.3138 1.6138 -4292.9 -0.0389% -0.0097% 

0.5% 3.2919 5.3191 1.6158 -4292.5 -0.0486% -0.0097% 

0.6% 3.2940 5.3183 1.6145 -4292.1 -0.0583% -0.0096% 

0.7% 3.2949 5.3192 1.6143 -4291.6 -0.0679% -0.0097% 

0.8% 3.2965 5.3196 1.6137 -4291.2 -0.0776% -0.0097% 

0.9% 3.2985 5.3160 1.6116 -4290.8 -0.0873% -0.0097% 

1.0% 3.2971 5.3232 1.6145 -4290.4 -0.0970% -0.0097% 

a Reference lattice parameters from experimental and theoretical works [71]. 

 

Fig. (1). Differences for Lattice Parameters (DLP) in percent for ZnO crystal structure with S as substituent. 
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were negative values, this means that all calculated values 
for S-susbtituted ZnO had lattice parameter a smaller that the 
one for pure ZnO. After the first S-substitution at 0.1%, pa-
rameter a grew in a total of five data points (0.2%, 0.6%, 
0.7%, 0.8% and 0.9% S-substituent), one S-substituent data 
point remained without variation (0.3% S-substituent) and 
three data points increased (0.4%, 0.5% and 1.0% S-
substituent).  

Differences for parameter c had positive values, which 
means parameter c grew every time the S-substituent was 
present in the ZnO structure. The lower difference value 
found was 0.04% observed at 0.2% S-substituent and in the 
other hand, the higher difference value was 0.39% observed 
at 1% S-substituent. Parameter c data points were adjusted 
by means of a regression and obtained a 6th power equation 
as shown below: 
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For parameter c, seven data points showed a growing 
trend at 0.1%, 0.3%, 0.4%, 0.5%, 0.7%, 0.8% and 1.0% S-
substituent and other three data points had a decreasing 
trend. Differences for c/a rate have a very similar behavior 
than parameter c. That means, all data points are positive 
which indicate c/a rate grew at all times on structures con-
taining S-substituent with respect to the case of pristine ZnO. 
We fitted c/a rate data points by means of a regression and 
found a 6th power curve equation as shown next: 
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The equation for c/a rate is very similar to the equation 
for parameter c and, in a similar way the curve for c/a rate 
has a similar shape than the curve for parameter c. From 
there, five data points showed an increasing trend at 0.1%, 
0.3%, 0.4%, 0.5% and 1.0% S-substituent. In contrast, five 
data points showed a decreasing trend at 0.2%, 0.6%, 0.7%, 
0.8% and 0.9% S-substituent. Fig. (1), shows the data points 
and regression curves for the calculated differences in lattice 
parameters. 

To find the change in lattice length from one substituent 
percent data point to the prior percent data point we did a 
simple calculation by subtracting the lattice parameter from 
the prior substituent level to the current percent level as 
shown in the next arithmetic equation. The next calculation 
shows an example of what we denominated as delta rate cal-
culation (DR) which when applied on lattice parameters we 
will call it DRLP as follows:  

  

(DRLP
a

0.2% S ) =
[(LP

a
0.2% S ) (LP

a
0.1% S )]

(LP
a

0.2% S )
100     (5) 

Where DR = delta rate, LPa = lattice parameter a and  0.2% 
S = for 0.2% S as example only; it will vary according to the 
substituent content (0.1%-1%). 

We performed DR calculations for a, c and c/a parame-
ters using results from the optimized geometry on the S-
substituted crystal. When we did the DR calculation for lat-
tice parameters we graphed the data points to find the trend 
and added a regression adjustment which was found to be 
non-linear. This simple calculation showed that the lattice 
had bigger changes at some substituent percents. 

Calculated DRLP data points for parameter a were 
graphed and we applied a regression to fit the data points to a 
6th power equation as shown below: 
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The curve and the equation show that calculated DR for 
parameter a does not have a uniform behavior which means, 
as the S-substituent increases point after point parameter a 
grows in different proportions. Furthermore, DR for parame-
ter a had five negative points which indicates, parameter a 
decreased in five points after the S-substituent proportion 
was increased. On the other hand, DR calculations for pa-
rameter a had five positive data points which indicates pa-
rameter a grew from one data point to the next consecutive 
data point in different occasions. It may be noticed that be-
low a content of 0.5% S-substituent, four data points had 
negative DR values and only one had positive value, mean-
while, for those DR calculations at 0.6% or more S-

 

Fig. (2). Delta Rate in percent for Lattice Parameters (DRLP) of ZnO crystal structure with S as substituent.  
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substituent, four out of five DR calculations had positive 
values. DR calculations for parameter a had a bigger de-
creasing rate of -0.29% at 0.1% S-substituent and this point 
was also the bigger change observed in the application of S-
substituent from 0.1% up to 1.0%. The bigger growth rate 
was 0.11% observed at 0.2% S-substituent. All DR calcula-
tions for parameter a have slight variation, eight points 
showed to be in the second digit after the decimal point. 
Something notorious is that the bigger DR changes are ob-
served at the lower S-substituent compounds 0.1% and 0.2% 
and after that the rest of the values show changes nearby zero 
either above or below. 

Calculated DRLP data points for parameter c were 
graphed and we applied a regression to fit the data points to a 
6th power equation as shown below: 
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                       (7) 

DRLP calculations for parameter c had seven positive 
points which indicates that most of the times such lattice 
parameter at a particular S-substituent percent, had a certain 
growth level from its predecesor. The other three points had 
negative values which indicate lattice parameter c reduced its 
size if compared with the previous S-substituent data point. 
The higher increment in size was 0.18% and it was observed 
at 0.1% S-substituent. In contrast, the lower decrement in 
size was -0.14% observed at 0.2% S-substituent. One rele-
vant characteristic related to parameter c, noticed at the 
DRLP curve, is the opposite trend behavior when compared 
to parameter a DRLP curve. This means that when DRLP for 
parameter c has an increasing trend, parameter a DRLP 
curve had a decreasing trend. For example, at 0.2% S-
substituent, DRLP for parameter a had an increasing trend 
because it came from –0.29% and grew up to 0.11%, and at 
the same time, DRLP for parameter c had a decreasing trend 
because it came from a 0.18% and it decreased down to -
0.14%. 

Calculated DRLP data points for c/a rate were graphed 
and we applied a regression to fit the data points to a 6th 
power equation as shown below: 
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All ten data points calculated for c/a rate were positive 
values and the higher value calculated was 0.46% observed 
at 0.1% S-substituent. The lower value was 0.01% observed 
at 0.7% S-substituent. Delta rates and regression curves for 
each one derived from lattice parameters a, c, and c/a can be 
seen at Fig. (2). 

3.2. Total Energy 

Total energy calculations were done starting from the op-
timized geometry. A total energy of -4294.5590 eV was cal-
culated for pure ZnO. Total energy calculations were fitted 
by means of linear regression and gave the next equation, y = 
415.44x - 4294.6. Total energy for each of the different sub-
stituent percent levels from 0.1% to 1.0% had an increasing 
trend indicating that as the substituent level increases the 
total energy increases. To quantify the total energy change 

we calculated the average for all calculated energy values 
which was -4292.47 eV with standard deviation of 1.38 eV. 
According to the standard deviation one can assume the 
variation value is too small if compared to the mean value or, 
in other words, 1.38eV represents only a 0.032% of the en-
ergy average value -4292.47eV and such proportion is al-
most despicable. In addition, we calculated the differences 
using a similar equation to the one used for lattice parame-
ters. The next equation was used to calculate total energy 
differences: 

  

(DTE _ 0.2% S ) =
[(TE _ 0.2% S ) (TE _ pureZnO)]

(TE _ 0.2% S )
100   (9) 

Where D = difference in percent, TE = total energy and 0.2% 
S = for 0.2% S as example only; it will vary according to the 
substituent content (0.1%-1%). 

With this equation we calculated the differences from the 
total energy results at each S-substituent percent level and 
made a linear regression to find the fitting equa-

tion
  
y = 0.0967x 2x10

6 , where x is the independent vari-

able indicating the S-susbstituent percent and y is the de-
pendent variable indicating the difference in percent. Calcu-
lations for differences show an increasing trend for the total 
energy as the substituent is increased. Also, we calculated 
the delta rates for total energy using a similar equation than 
the one used in the DR calculation for lattice parameters, the 
equation is as follows: 

  

(DRTE 0.2% S ) =
[(TE 0.2% S ) (TE 0.1% S )]

(TE 0.2% S )
100      (10) 

Where DR = delta rate, TE = total energy and 0.2% S = for 
0.2% S as example only; it will vary according to the sub-
stituent content (0.1%-1%). 

For the delta rate values calculated for total energies we 
fitted the data points to a linear regression and found the next 

equation
  
y = 0.0001x 1x10

4 . The 0.0001 value indicates 

the curve slope and means a trend with a slope value near 
zero. Such trend indicates The 0.0001 slope value is near 
zero which indicates an almost uniform behaviour from DR 
values, that means, the growing is very similar point after 
point as the S-substituent increases. Total energy results, 
differences and delta rates calculations are shown at Table 1. 

Results for total energy indicate an increasing trend as 
the substituent increases, we calculated the binding energy 
(BE) by atom to verify the structure stability behavior and 
found a linear trend indicating the stability decreases as the 
substituent amount increases. BE data points were graphed 
and fitted to a curve by means of a linear regression and ob-
tained the equation y = -26.049x + 4.5108. Fig. (3) shows the 
graph for BE as well as the values found for each structure 
including both cases, ZnO at its pristine form and after sub-
stitution. 

3.3. Gap Energy   

Gap energy (Eg) calculations resulted on 0.731 eV for 
pure ZnO which is in good agreement with the 0.735 eV 
reported by other GGA calculations [55]. Our GGA calcula-
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tions for ZnO at its pristine form give a 0.54% deviation 
from GGA referential works and for that reason we consid-
ered our method acceptable. Since DFT methods under esti-
mate Eg we used the scissors technique to apply a correction 
factor. We will present an analysis of trends for the results in 
S- substituted ZnO Eg, for its differences and delta rates. As 
a general rule our analysis will be separated on two sets of 
comments, the first comments will be based on Eg from 
GGA results while the second will be based on Eg from cor-
rected values using the scissors factor. 

In sum, we will present first a trend analysis of Eg results 
when used GGA values which will include an analysis for 
the corrected values, second a trend analysis of S-substituted 

differences with pure gap energy using GGA which will in-
clude its corresponding analysis for corrected values and 
third an analysis over the delta rates to find the change rate 
to the prior S-substituent percent level for GGA results 
which will include the analysis for corrected values. 

For our results on Eg we observed the Eg trend decreases 
as the substituent level increases. The lowest value found is 
0.683 eV at 1.0% S-substituent and represents a 6.57% 
change from pure ZnO. The linear regression for Eg on GGA 
calculations resulted in the equation: y = -4.9273x + 0.7328. 
After applying the scissors technique Eg values were fitted to 
a curve by means of regression and we found a linear equa-
tion: y = -4.9273x + 3.3718. The lowest Eg value was 3.322 

 
Fig. (3). Binding energy in eV shown for all structures including both cases, ZnO at its pristine form and after substitution. Horizontal axis 
shows the substituent amount in percent.  

Table 2. Gap Energy, DEg and DREg from GGA Calculations and after Application of Scissors Factor 

 

Gap Energy (GGA and  

w / Scissors) 

Gap Energy  (GGA)  

Differences from Pure 

ZnO 

Gap Energy  (GGA) 

Delta Rate 

Gap Energy (Scissors) 

Differences from pure 

ZnO 

Gap Energy (Scissors) 

Delta Rate 

S % 
Gap Energy  

(eV) 

Gap Energy 

with Scis-

sors  (2.639) 

Difference 

DEg 
DEg in % 

Delta Rate 

DREg 

Delta Rate 

DREg in  % 

Diff  (Calc - 

Undoped) 

% Diff  

(Calc - 

Undoped) 

Band Gap  

(Scissors) 

Delta from 

prior 

Band Gap  

(Scissors)  

from Prior 

in  % 

0% 0.731 3.37  ---  ---  ---  ---  ---  ---  ---  --- 

0.1% 0.724 3.363 0.007 0.96% -0.007 -0.97% -0.007 0.21% -0.007 -0.21% 

0.2% 0.726 3.365 0.005 0.68% 0.002 0.28% -0.005 0.15% 0.002 0.06% 

0.3% 0.720 3.359 0.011 1.50% -0.006 -0.83% -0.011 0.33% -0.006 -0.18% 

0.4% 0.718 3.357 0.013 1.78% -0.002 -0.28% -0.013 0.39% -0.002 -0.06% 

0.5% 0.707 3.346 0.024 3.28% -0.011 -1.56% -0.024 0.72% -0.011 -0.33% 

0.6% 0.702 3.341 0.029 3.97% -0.005 -0.71% -0.029 0.87% -0.005 -0.15% 

0.7% 0.698 3.337 0.033 4.51% -0.004 -0.57% -0.033 0.99% -0.004 -0.12% 

0.8% 0.692 3.331 0.039 5.34% -0.006 -0.87% -0.039 1.17% -0.006 -0.18% 

0.9% 0.689 3.328 0.042 5.75% -0.003 -0.44% -0.042 1.26% -0.003 -0.09% 

1.0% 0.683 3.322 0.048 6.57% -0.006 -0.88% -0.048 1.44% -0.006 -0.18% 
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eV observed at 1.0% S-substituent which represents 1.42% 
change from pure ZnO.  One can note both equations do 
have the same slope value of -4.9273. Results from GGA 
calculations for Eg and scissors corrected Eg values are 
shown at Table 2 and regression curve at Fig. (3). 

We did calculations for the Eg differences (DEg) between 
the S-substituted Eg compared with the pure case using per-
cents as the unit to measure the change. To calculate the dif-
ferences, we used an arithmetic equation similar to the equa-
tion used to calculate the differences in lattice parameters 
(DLP). The differences for Eg will be called DEg in the equa-
tion as shown below: 

  

DE
g

0.2% S = Abs[
(E

g
0.2% S ) (E

g
pureZnO)

(E
g
0.2% S )

100]    (11) 

Where Abs= absolute value, D = difference, Eg = gap en-
ergy and 0.2% S = for 0.2% S as example only; it will vary 
according to the substituent content (0.1%-1%). 

Our results indicate Eg has an increasing trend for differ-
ences as shown in Fig. (4). That means that as the S-
substituent was increased Eg difference from pure ZnO in-
creased as well. The higher value for Eg differences was 
6.57% observed at 1.0% S-substituent. The trend for DEg 
data points from GGA calculations were fitted to a curve 
with a regression that gave a 6th power equation as shown 
below: 

  

y = 512x
6
+1x10

9
x

5
+1x10

7
x

4
698185x

3

+7174.8x
2

18.565x+0.0215

                        (12) 

For DEg using scissors corrected values we found a 
higher value of 1.44% at 1.0% S-substituent. For DEg values 
from scissors corrected calculations we made a regression to 
obtain the next 6th power equation to describe its behavior: 

  

y = 2x10
8
x

6
+ 2x10

9
x

5
+ 2x10

6
x

4
146010x

3

+1539.3x
2

4.007x+0.0047

                   (13) 

One can notice that after scissors technique was applied 
corrected DEg values had the same trend than the curve for 
DEg from GGA calculations; GGA results had a more pro-
nounced steep and that is the reason for a smaller DEg value 
at the highest S-substituent percent. DEg results for both 

GGA calculations and scissors corrected calculations are 
shown in Table 2. 

In addition we analyzed Eg delta change that exists be-
tween the current S-substituent percent and the prior sub-
stituent percent level for both GGA results and scissors cor-
rected Eg values. We used an arithmetic equation similar to 
the one used for calculation of delta rate for lattice parame-
ters (DRLP). The delta rates for Eg are also called DREg in 
the equation as shown below: 

  

Abs(DRE
g

0.2% S ) = Abs[
(E

g
0.2% S ) (E

g
0.1% S )

(E
g

0.2% S )
] 100   (14) 

Where Abs = absolute, DR = delta rate, Eg = gap energy 
and 0.2% S = for 0.2% S as example only; it will vary ac-
cording to the substituent content (0.1%-1%). 

For DREg using GGA results we observed an iregular 
trend as the S-substituent increases as shown at Fig. (5). This 
means that despite Eg showed an increasing trend in most of 
the S-substituent values, DREg did not follow the same rule. 
In fact, both DREg curves had ups and downs and in the 
curve from GGA calculations this behaviour is obvious. We 
performed a regression to adjust DREg data points from 
GGA results and obtained an equation to the 6th power as 
follows: 

  

y = 5x10
12

x
6
+ 2x10

11
x

5
3x10

9
x

4
+ 2x10

7
x

3

75388x
2
+132.6x 0.0842

                 (15) 

The bigger change was -1.56% observed at 0.5% S-
subsituent. Only one DREg data point was a positive value 
and the other nine were negative values. The only positive 
value was the only one time in which the gap energy in-
creased from one S-substituent percent to the next consecu-
tive value but it is important to say that in spite of the gap 
energy increased from 0.1% to 0.2% S-substituent, the gap 
energy value at 0.2% S-substituent was smaller than the gap 
energy for pure ZnO.  

For DREg from scissors calculations we fitted the data 
points to a curve by means of a regression and obtained an 
equation to the 6th power as follows: 

  

y = 1x10
12

x
6
+ 4x10

10
x

5
6x10

8
x

4
+ 4x10

6
x

3

16231x
2
+ 28.539x 0.0181

                 (16) 

 
Fig. (4). Differences for Gap Energy (DEg) in percent for the ZnO crystal structure with S as substituent. 
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The bigger change on DREg for scissors calculations was 
-0.33% observed at 0.5% S-subsituent. Only one DREg data 
point had a positive value, meanwhile, the other nine were 
negative values and again, the negative value was the only 
one time in which the gap energy increased from one S-
substituent percent to the next consecutive value. DREg data 
points for both GGA results and scissors calculation are 
shown in Fig. (3). 

Eg decreasing trend for S-substituted ZnO is in good 
agreement with reported studies which predict that as S-
substituent percent increases Eg decreases. Our contribution 
is the correlation between the S percent used on ZnO and the 
Eg change on the modified crystal at moderate S-substituent 
amounts going from 0.1% to 1.0% which to the best of our 
knowledge has not been reported before. Even though, some 
studies confirm sulfur addition on ZnO reduces its gap en-
ergy, the values cannot be compared directly because the 
works are different in nature, for example, Schrier et al. [73] 
reported that the combination of ZnO/ZnS had an Eg shifting 
for ZnO/ZnS bulk from 3.334/3.716 eV to 2.614/3.494 eV 
which represents a 22.2% Eg reduction from pure ZnO and 
this is in agreement with the Eg reduction prediction made in 
the present work. Another example is a prior study made by 
our team in process of publication in which we used heavy 
amounts of S-substituent going from 1.0% to 10% in which 
we observed similar trends to those reported in this work. 

4. CONCLUSIONS 

In conclusion, lattice parameter c increased slightly as S-
substituent percent increased but lattice parameter a de-
creased as the S-substituent increased and c/a rate had ups 
and downs but with slight variation between consecutive 
values. Equations were proposed as mathematical model for 
the changes experienced by lattice parameters when S-
substituent was applied at consecutive percents from 0.1% to 
1.0% with increments of 0.1%; an equation to the 6th power 
was obtained when structures with substitution were com-
pared to pure ZnO and also an equation to the 6th power was 
obtained for comparison between consecutive data points. 

Total energy results showed an increasing trend at all 
times but the variation between consecutive points was very 
small. The regression for total energy was linear. Change in 

total energy is not too big when the substitution was applied 
and, together with the analysis of binding energy results, it is 
confirmed stability decreases as the substituent percent in-
creases. Gap energy had a decreasing trend with a maximum 
variation of 6.57% at 1.0% S-substituent from pure ZnO. 
When applied the scissors technique as a correction factor, it 
was observed a decreasing trend and showed a maximum 
variation of 1.42% at 1.0% S-substituent from ZnO at its 
pristine from. Both regression equations for Eg (from GGA 
results and after scissors correction) showed the same slope 
of -4.9273. Data points corresponding to Eg differences be-
tween structures with substitution and pure ZnO fitted to an 
equation to the 6th power. In addition, we proposed the ex-
pected change rate for Eg between consecutive S-substituent 
points and found an equation to the 6th power as the best fit-
ting. This study proposes particular effects do occur when 
used moderate amounts of S as substituent (from 0.1% to 
1.0%) because while parameter a decreases, parameter c 
increases as the substituent percent increases. Meanwhile, 
despite of Eg decrement was expected, this work adds deeper 
discussion on the expected changes for Eg and proposes 
mathematical models for them.  

As final comment, we found great potential for future 
developments related to substitution of S on ZnO which for a 
start could consider the use of different ZnO structures such 
as nanoclusters or nanotubes. Another future opportunity is 
to use over one hundred ZnO units for bulk studies which 
nowadays is a really difficult task for DFT studies due to 
computational cost and program capabilities but, future im-
provements in DFT methods or the use of different method-
ologies could make it possible and deeper knowledge, with 
increased similarity to reality, could be developed for the 
interaction between ZnO with S or other impurities.   
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