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This paper studies the formation of nanopores in solution-processed amorphous arsenic sulfide films and
provides an effective method to remove such pores. Nanopores are observed mainly in the bulk of the film
after being annealed above 120 °C, and pore sizes are determined to increase with both baking temperature
and duration. These observations are explained by a vacancy coalescence mechanism in the context of
propylamine solvent. By adding a second solvent, ethylenediamine (EDA), to the original solution, we can es-
sentially modify the material dissolution and annealing chemistry. Most pores are removed when 10% EDA is
added, rendering a homogeneous film. The work presented here has great implications for improving the
quality of optical chalcogenide components processed with solution methods. It also reinforces the pore for-
mation mechanism that has been relevant to many solution-processed materials.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Chalcogenidematerials are known for their IR transparency [1], high
nonlinearity [2] and high refractive indices [3], based on which numer-
ous optical devices have been realized. Among all the fabrication
methods, spin-coating stands out for its flexibility, cost-effectiveness
and integration capabilities [4,5]. Compared to the same chalcogenide
film deposited by vacuum methods, either thermal evaporation or
sputtering [6], solution process has the advantage of low-temperature
operation, larger size control flexibility and larger range of thickness
control [7]. By this technique, chalcogenide devices have been fabricated,
including waveguides [4,5], gratings [8] and optical memories [9].

In order to achieve high quality optical products, maintaining
material homogeneity is crucial and it is especially challenging for solu-
tion processes. The use of solvent implies that optimizing heat treatment
is essential to remove residual solvent in deposited films, which other-
wise can degrade the optical and structural properties of produced films
[10,11]. In addition, solvent also causes the formation of porous structures
which have been observed in many cases of solution-processed chalco-
genides [12–14]. The presence of pores introduces defects to the struc-
ture, disrupts material homogeneity and degenerates film properties
such as refractive index, bandgap and roughness. Sincemost device appli-
cations require uniform and homogeneous material deposition, such
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defects will inevitably cause poor performances. Therefore, from the fab-
rication point of view, it is imperative to ensure a consistent solvent re-
moval and achieve a homogeneous density.

In this paper, we examine the formation of nanopores in spin-coated
amorphous arsenic sulfide films dissolved with propylamine, a widely
used solvent for chalcogenide research and industry. Pore distribution
and sizes are analyzed at various baking temperatures and durations.
The pore formation phenomenon is explained by a vacancy coalescence
mechanism, common to a number of materials thermally prepared from
solution methods. Moreover, we present an effective method to remove
these pores. By this simple treatment of EDA, homogenous arsenic sulfide
structures can be obtained. This change is attributed to the difference in
dissolution and annealing mechanism between propylamine and EDA.

2. Experimental

Arsenic sulfide stock solutions are prepared by dissolving 2 g of
amorphous As2S3 (metal basis) pieces into 10 mL n-propylamine
solvent. The dissolution is carried out inside a sealed glass container to
prevent solvent evaporation and a magnetic stirrer can be used to expe-
dite the process. Most procedures are done inside a nitrogen-filled glove
box to minimize the exposure to atmospheric moisture and oxygen,
since the former can lead to precipitation and the latter results in oxida-
tion [15]. Additional miscible solvents including ethanol, n-butanol,
butylamine, pentylamine and EDA are mixed with the solution at a con-
centration up to 20%, which is then passed through 0.1 μm filters before
being transferred onto Si substrates. The substrate is spun at 1500–
2500 rpm for 10 s. The resulting films are soft-baked under vacuum at
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Fig. 1. Pore distribution of samples baked at 140 °C–200 °C for 12 h.
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60 °C for 1 h to removemost of the solvent, followed byheat treatment at
100–200 °C to further densify the glass. Vacuum pressure is set around
50 Torr. For the pore size study, a series of samples are hard-baked at
temperatures of 140 °C, 160 °C, 180 °C and 20 °C each for 1, 2, 4, 8, and
12 h. In our study, scanning electron microscope (SEM) images are
takenwith a Quanta 200 FEG environmental SEM at 15 keV in high vacu-
ummode. The SEM is equippedwith an energy-dispersiveX-ray spectros-
copy (EDX) system for compositional analysis.

Imaging software Fiji is used to analyze the pore size and distribu-
tion. The algorithm sets a threshold to distinguish pore and non-pore
areas. SEM pictures of film cross-sections are cropped and rotated to a
vertical position. Pixels in each column are scanned from left (film
bottom) to right (film surface). The percentage of pore pixels is plot-
ted for each step position from bottom to top, representing the pore
area percentage at each depth. Since the position is also normalized
from 0 to 1, the total area under the curve represents the percentage
of pore area. For propylamine-only solutions, 10 SEM pictures (with
about 30–80 pores per picture) are analyzed for each data point. For
films mixed with EDA, 6 SEM pictures are analyzed. Standard devia-
tions are calculated statistically.

3. Results

The first trend we have found is that the amount of pores increases
with baking temperature. Fig. 1 shows the average distribution of pores
across the film frombottom (position 0: film–substrate interface) to top
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Fig. 2. Percentage of pore area of samples baked at various temperatures, a straight lin
(position 1: film–air interface). All these samples are pre-baked at 60 °C
for 1 h and annealed at four different temperatures for 12 h. The pore
distribution figure reveals the relative pore density at different film
depths.

The porous film has 3 distinct areas in terms of micro-structures.
The top part (0.8–1) of the film is mostly pore-free and resembles
a depletion region, which extends about 20% of the total thickness.
Underneath (0.1–0.8) is the bulk part of the film where pores are
seen. The diameter of pores ranges from a few nm to approximate-
ly 200 nm. Close to the bottom Si substrate, there is another thin-
ner depletion region (0–0.1), with occasional occurrence of pores
stuck to the substrate. The spin-coated films in this research have
measured thicknesses ranging from 1.5 μm to 2.5 μm. It is noted
that when the thickness is smaller than 300 nm, no pores are
observed.

The integrated area under the curve represents the percentage of
total pore area and is plotted in Fig. 2, showing an increase in pore den-
sity with baking temperature. When extrapolating the best-fit-line of
these data points, the x-axis intercept lies close to 120 °C, correspond-
ing well with our observation of the onset temperature for pores at
around 120 °C. Examples of these samples are taken with SEM and
shown in Fig. 3. The films are processed with propylamine and baked
for three consecutive stages at 100 °C, 120 °C and 140 °C for 2 h each.
At the end of every stage, cross-sectional SEM is performed. With bak-
ing up to 100 °C, no pores are observed. Only from 120 °C, pores start
to appear in a small amount. As the temperature goes up to 140 °C,
160 180 200 220

mperature/°C

e is fitted to the data points to identify the onset temperature for pore formation.



Fig. 3. Cross-sectional view of 3 SEM pictures cropped and rotated such that the right side is the top of the film. Films are processed with propylamine only and baked up to 100 °C,
120 °C and 140 °C. Some pores in the middle picture are pointed with arrows for better viewing.
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pores increase both in number and size. At even higher temperatures,
there are more pores of large sizes, but still with a substantial amount
of small pores.

Secondly, the baking duration also influences the formation of
pores. For a series of 5 samples annealed at 200 °C for 1, 2, 4, 8 and
12 h, average pore distribution is plotted in Fig. 4. The same three re-
gions are clearly seen, with an almost constant depletion region close
to the substrate and the top depletion region shrinks with baking
time. Overall, the total pore area percentage also increases with bak-
ing duration as shown in Fig. 5.
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Fig. 4. Pore distribution of samples
4. Discussion

We believe that the phenomenon observed in our experiment can
be understood in the context of a vacancy coalescence mechanism, in
which voids form from the combination and nucleation of Schottky
defect pairs. Previously, researchers have reported similar pore for-
mation in several cases involving aqueous preparation procedures,
such as zinc oxide [16] and barium titanate [17]. In these two exam-
ples where water is used, hydroxide ions are incorporated to the
oxygen sites and cation vacancies are generated to compensate for
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Fig. 5. Percentage of pore area of samples baked at 200 °C for various durations.

Fig. 6. Cross-sectional view of 3 SEM pictures positioned vertically. Films are processed
with propylamine mixed with different amounts of EDA and baked at 180 °C for 6 h.

14 Y. Zha et al. / Journal of Non-Crystalline Solids 369 (2013) 11–16
the charge discrepancy. Thermal treatment brings water out of the
film, leaving behind oxygen vacancies, which then combine with cat-
ion vacancies and vacancy pairs nucleate to form void space in the
structure.

Our solution method shares a similar chemical process. Upon dis-
solution in propylamine, arsenic sulfide pieces are broken into small
clusters by incorporating solvent molecules to the S sites. Chern and
Lauks suggest that the reaction is initiated by an electrophilic substi-
tution in Eq. (1) as the lone pair of electron in N attacks As center and
cleaves the As\S bond [18]. The overall dissolution process is de-
scribed in Eq. (2) [19], in which the second by-product precipitates
out, causing As vacancies. The remaining product decomposes under
low-temperature baking to give a hydrogenated arsenic sulfide inter-
mediate, as shown in Eq. (3) [19]. Chern et al. also propose that the
evolution of H2S gas starts from high temperature annealed at
130 °C, when the hydrogenated arsenic sulfide reacts with neighbor-
ing HS entities to form sulfur bridge networks, as shown in Eq. (4)
[19]. This result is substantiated by our observation of pore formation
only above 120 °C. As such, S vacancies are generated from the evolu-
tion of H2S and can then combine with the As vacancies to form void
pairs. The trend in Fig. 5 shows that the increase in pore area percentage
has a decreasing rate with respect to time, indicating that the vacancy
combination/pore nucleation process eventually reaches completion
with sufficient annealing. Top and bottom depletion regions are ex-
pected because vacancies near the interfaces can simply diffuse towards
them rather than nucleating pores underneath. As a result, the majority
of pores are observed in bulk of the film. The relatively sharp boundary
between top depletion region and pores is probably due to the limita-
tion of vacancy mobilities.

ð1Þ

3þ xð ÞAs2S3 þ 12xRNH2→3As2S3þx RNHþ
3

� �
2x

þ 2xAs RNHð Þ3↓ ð2Þ

As2S3þx RNHþ
3

� �
2x
→
80–90BC

As2S3þxH2x þ 2xRNH2↑ ð3Þ
As2S3þxH2x→
>130BC

As2S3 þ xH2S↑ ð4Þ

The presence of pores is undesirable in most optical applications.
Such defects can cause scattering and power loss if the structure pre-
pared by solution methods is used to transmit light. Since chalcogen-
ide materials are usually used for transmitting IR beams, a lower
degree of homogeneity can degrade the transmission efficiency by or-
ders of magnitude. Combating this pore issue is critical to fabricating
high quality devices.

In order to suppress the formation of pores, we have to disrupt the
vacancy reaction mechanism by preventing H2S evolution. Previous
work reveals that dissolving arsenic sulfide with EDA does not involve
S\H bond formation or H2S evolution [20]. Recently, similar studies
of As2Se3 further support the different dissolution mechanisms in
EDA solvents [21]. However, the fact that EDA does not wet most
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Fig. 7. Pore distribution of samples mixed with EDA.
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Fig. 8. Percentage of pore area of samples mixed with EDA.

Table 1
Additional solvents used and the results for pore formation test.

Solvent Ethanol n-Butanol n-Butylamine Pentylamine EDA

B.p./°C 78 118 77 94–110 117
Pore Yes Yes Yes Yes No

Five solvents of different boiling points added to the stock solution by 10% for pore
formation experiments.
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substrates limits its usability in fabrication.We hypothesize that adding
a small but sufficient amount of EDA to our propylamine solutions may
reduce the formation of nanopores while retaining the wettability.

In fact, we find that when the EDA concentration reaches approx-
imately 10%, most pores can be removed with very few stuck against
the substrate. SEM pictures of films processed with different amounts
of EDA and under the same annealing conditions are shown in Fig. 6.
As long as the EDA concentration does not exceed 12%, the mixed so-
lution can still wet Si substrates uniformly. EDX on the cross-section
has shown a homogeneous material composition free of solvents.

Fig. 7 displays the average pore distribution from the analysis of
multiple SEM pictures. We notice the statistical fluctuations, but on av-
erage the amount of pores decreases as a function of EDA percentage.
The one exception is the region near the substrate (x = 0) where in
all caseswe see the presence of pores, which is not observed in previous
figures with propylamine solvent alone. We attribute this effect to the
non-wettability of EDA on the substrate which can lead to gaps at the
interface. The total pore percentage decreases with the addition of
EDA as shown in Fig. 8. The absolute values of pore percentage are
much smaller than those from Figs. 2 and 5, indicating a dramatic effect
of adding EDA.
In order to further probe the cause of pore removal and isolate the
effects of boiling points (b.p.), we use a number of different solvents
(Table 1) of the same amount in place of EDA to spin-coat films. As
expected, both amine solvents still result in pores. Alcohols which
do not change the chemistry but have higher boiling points are
added, and we find that in all cases pores remain. Thus, we can rule
out the effect of higher boiling points on pore removal.

From the experiment and literature, it is more reasonable to attri-
bute the pore-removing phenomenon to the diamine group and EDA
dissolution mechanism. In contrary to propylamine which breaks
down arsenic sulfide into small cluster [18], EDA-dissolved solution
and gel are molecular in nature, with the formation of polymeric

image of Fig.�7
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amorphous network upon annealing [20,21]. Therefore, in solutions
with EDA, the molecular nature of the intermediate implies that no
complete charge transfer or ammonium salt formation occurs. As a
result, pores are not observed in EDA-processed arsenic sulfide films
even after high temperature annealing. In our case here, 10% EDA is
enough to behave as the dominant solvent.

5. Conclusion

Wehave demonstrated the formation of nanopores in propylamine-
processed arsenic sulfide films after annealing above 120 °C. From our
analysis, the pore density is found to increasewith baking temperatures
and duration. With an understanding of the solvent dissolution and
annealing chemistry, the formation of such void space is explained by
the coalescence of positive and negative vacancies. As such, our results
have reinforced a general pore mechanism that has been applied to
a number of materials prepared with aqueous solutions. More impor-
tantly, we are able to remove these pores by adding 10% EDA, thereby
altering the dissolution and annealing chemistry. With this improved
technique, homogeneous arsenic sulfide films and structures free of
pores can be readily produced.
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