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ABSTRACT: We report structure–property relationships of polyaniline emeraldine base
(EB) films that were produced by combining different processing steps in various
sequences. The effect of annealing and doping processes on the surface structure of the
films was investigated by atomic force microscopy (AFM), and the corresponding
changes to the chemical structure of the EB films were monitored by Fourier transform
infrared spectroscopy. AFM results indicate that after doping polyaniline (EB) films
with HCl, the root mean square (rms) roughness of the surface of EB film increased
; 46%. When the doped films were annealed at 180°C under a nitrogen atmosphere for
3 h, the rms roughness was essentially unchanged from that of the initial, undoped
films. The electrical conductivity of the films also showed a significant dependence on
the processing sequence. When the doped polyaniline (EB) films were annealed, no
electrical conductivity was observed. When these films were redoped, only ; 6% of the
initial conductivity could be recovered. In another processing sequence in which the
polyaniline (EB) films were first annealed and then doped, the electrical conductivity
was only ; 12% relative to the film that was doped immediately after being cast. From
this work, a strategy to reduce the surface roughness of films made from electrically
conducting polyaniline (EB) is proposed. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82:
3602–3610, 2001

Key words: polyaniline films; annealing; surface roughness; electrical conductivity

INTRODUCTION

There is considerable interest in using electrically
conducting polymers (CPs) in microelectronics be-
cause CPs are flexible, possess a high strength-
to-weight ratio, and are relatively cheap com-
pared with silicon. It has been suggested that it is
possible to process CPs on mass scales by tech-
niques such as ink-jet printing and screen print-
ing, which offers an opportunity for low-cost man-

ufacturing of polymer-based, electronic devices,
such as heterojunction diodes and thin film tran-
sistors (TFTs).1,2

The first successful attempt to fabricate a poly-
mer-based heterojunction diode and TFT was
made by Ebisawa and co-workers3 in 1983. Since
then, various research groups have used a variety
of CPs to fabricate heterojunction devices and
TFTs. Despite substantial advances in the last 10
years in materials and processing techniques, the
performance of devices based on CPs remains in-
ferior to inorganic devices. The most important
concern associated with the performance of the
polymer-based devices is that high voltages are
needed to operate the devices. A high-power re-
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quirement is not desirable for lightweight and
portable devices because a large power draw
would quickly drain a portable power source, such
as a battery.4–7 Typically, high voltages are re-
quired to operate the polymer-based devices be-
cause of inefficient charge transport properties at
the interface between the CP and metal electrode.
Therefore, making intimate contact between the
CP and metal electrode is crucial when fabricat-
ing heterojunction diodes and TFTs. Minimizing
the surface roughness is one way to achieve inti-
mate contact between the CP and metal electrode
and also improve device performance.

Depending on the degree of interfacial rough-
ness, there may be defects or small spikes at the
interface, which lead to a nonuniform electric
field at the interface. If the spike is large enough,
it can cause failure of the device because of short-
circuits induced by tunneling effects. In any case,
the performance of such a device will not be reli-
able.8 Hence, the roughness at the surface of the
polymer is one of the most significant parameters
that affect the performance of polymer-based di-
odes and TFTs.9

One parameter that can be used to quantify the
performance characteristics of a heterojunction
diode is the ideality factor, which represents the
nature of contact between the CP and metal elec-
trode. In the case of Schottky diodes, the ideality
factor indicates the uniformity of the interface
between polymer and metal electrode. For an
ideal Schottky barrier, the ideality factor is uni-
ty.10 In Schottky diodes, high ideality factors oc-
cur because of inefficient transport of charge car-
riers due to variations in thickness and nonuni-
form interfacial charges, which result in locally
defective hot regions.9–12

Another important concern with using CPs in
devices is that they are unstable when exposed to
ambient conditions. For example, polymers that
behave as n-type materials after doping, oxidize
when exposed to the atmosphere.13,14 As a result,
devices made from these CPs would not be reli-
able for practical applications because their per-
formance would not be consistent. One reason
polyaniline is of great interest is because it has
better thermal and environmental stability com-
pared with other CPs.15–21 Therefore, polyaniline
is a promising material for fabricating electronic
devices, such as heterojunction diodes and
TFTs.10,22 Although polyaniline was first synthe-
sized in 1862 and has been studied as an electri-
cally conducting polymer since the 1980s,23,24 the
performance of polyaniline-based diodes and

TFTs is relatively poor when compared with other
CPs.10,12 Though it is known that the nature of
the interface between the CP and metal electrode
has a significant impact on the device perfor-
mance, little work has been done to understand
the factors that control surface roughness and to
design processes that minimize the roughness of
the polyaniline emeraldine base (EB) films. In
this paper, the possibility of adapting doping and
thermal treatment processes to improve the mor-
phology and electrical properties of polyaniline
films will be examined in detail.

EXPERIMENTAL

Synthesis of Polyaniline

Polyaniline powder in the form of emeraldine
base (EB) was synthesized by chemical oxidation
in an acidic solution. Prior to polymerization, an-
iline was mixed in 1 M HCl. The freezing temper-
ature of the solution was reduced below the syn-
thesis temperature by adding a 6 M LiCl solution
using a procedure similar to that reported by An-
gelopoulos et al.25 This aniline solution was kept
in a Cryocool immersion cooler with isopropanol
as the cooling agent. Ammonium persulfate (APS)
dissolved in dionized water was used as the oxi-
dant. Polymerization was initiated when the tem-
perature of aniline solution was 240°C by adding
APS in a dropwise manner at a rate of 5 mL/min.
The molar ratio of aniline to APS in the reaction
mixture was 1 : 1. Polymerization was carried out
for 48 h under a nitrogen atmosphere. The reac-
tion mixture was continuously stirred during po-
lymerization and, in the course of the reaction,
the color of the mixture turned from pink to cop-
per to dark blue. After polymerization, the dark-
blue precipitate was filtered and washed with
deionized water and methanol until the color of
the wash solution was light violet. The powder
was de-doped by stirring it in a solution of 0.1 M
ammonium hydroxide for 18 h. The resulting mix-
ture was filtered by vacuum filtration and washed
repeatedly with deionized water to obtain the EB
powder.

The EB powder was washed with distilled wa-
ter and methanol until the wash solution was
colorless. Using a Soxhlet Extraction method with
methanol as the solvent, oligomers and low mo-
lecular weight polymer were removed over a pe-
riod of 5 days (recharging methanol every 12 h)
until the extracted solution became a light violet
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color. The purified EB powder was dried under
vacuum (26 mmHg) at 50°C for 24 h. The Fourier
transform infrared (FTIR) analysis of the EB pow-
der was in excellent agreement with the chemical
structure as reported in the literature.16,23,26,27 Mo-
lecular weight was determined by gel permeation
chromatography using N-methyl-2-pyrrolidinone
(NMP) solvent (Aldrich, used as received) and
polystyrene standards. The weight-average mo-
lecular weight (Mw) based on the polystyrene
standards was 30,000 g mol21.

Film Preparation

Polyaniline (EB) solution (3.5 wt % EB) was pre-
pared at room temperature by dissolving the EB
powder in N,N9-diemthyl propylene urea
(DMPU; Aldrich, used as received). The EB pow-
der was added very slowly into the solvent over a
period of 1 week to avoid gelation. The polyaniline
(EB) solution was then filtered through a 25-mm
filter to remove any undissolved and shear-in-
duced agglomerates.25 This solution was used to
prepare free-standing films. The free-standing
films were made by pouring small quantities of
the polyaniline (EB) solution onto specimen slides
(Sigma, used as received). The slides were then
placed in a vacuum oven under a vacuum of 15
mmHg at 60°C to remove the solvent by evapora-
tion. After drying for 24 h, these films were im-
mersed in a water bath for 30 min to float the
films off the specimen slides. The films were then
dried on a filter paper and stored in a sealed
container. The films were doped by a film immer-
sion technique.21,28 The films to be doped were
immersed in a 1 M HCl solution for 48 h and kept
in a closed chamber at room temperature. The
doped films were then removed and dried on filter
paper and stored in a sealed container.

The polyaniline (EB) films were annealed be-
low the cross-linking temperature, which had
been determined by thermogravimetric analysis
(TGA) and differential scanning calorimetry
(DSC). These measurements indicated the cross-
linking temperature was ; 200°C, which is con-
sistent with the observations of Ding et al.16

Thus, an annealing temperature of 180°C was
selected to avoid cross-linking. The films were
placed in an oven and heated at the rate of 10°C/
min to 180°C under a nitrogen atmosphere. The
temperature was held at 180°C for 3 h, after
which the films were allowed to cool naturally in
the nitrogen environment. The films were heated
at the rate of 10°C/min. so that the conditions for

different experiments, such as TGA and DSC,
would be identical. Four sets of samples—un-
doped, doped, annealed and then doped, doped
and then annealed—were made.

For ease of reference, the following nomencla-
ture has been adopted in this paper: U 5 un-
doped, D 5 doped, A 5 annealed, and R 5 re-
doped. A string of these letters indicates both the
processes and the sequence of steps the films have
undergone. For example, a film referred to as
UAD would imply that the undoped EB film was
first annealed and then doped. Similarly, a film
identified by UDAR means that the undoped film
was first doped, then annealed, and finally re-
doped. The final letter in the string always indi-
cates the final condition of the film.

Film Characterization

TGA experiments were carried out using a TA
Instruments Hi-Res Thermogravimetric Analyzer
(model 2950). A known weight of the polyaniline
(EB) film was heated at the rate of 10°C/min
under a nitrogen atmosphere. DSC was carried
out under a nitrogen atmosphere using a TA In-
struments model 2920. A heating rate of 10°C/
min was used to heat the samples from room
temperature to 400°C. The FTIR spectra of the
EB films were observed using diffuse reflectance
mode on a using a Nicolet Magna 550 FTIR spec-
trophotometer. Samples were scanned in the
range 4000–400 cm21, and the scan resolution
was 4 cm21. For each sample, 64 scans were
taken. The data were collected using a DTgS in-
frared detector. The electrical conductivity of the
films was determined by using the standard four-
point probe technique with a Keithley 2000 pro-
grammable multimeter. The root mean square
(rms) roughness of the films after various process-
ing steps was determined using a Digital Instru-
ments, Nanoscope III AFM/STM in tapping mode.
The rms values consider the entire film surface.
Measurements were made using a standard sili-
con-nitride tip.

RESULTS AND DISCUSSION

A TGA thermogram of a free-standing, U polya-
niline (EB) film taken in nitrogen atmosphere is
shown in Figure 1. Two distinct stages of weight
loss were observed. An initial weight loss of
; 15% was observed over a range 100–250°C.
This result is attributed to loss of moisture, low
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molecular weight oligomers, and residual solvent,
and is consistent with previous reports by other
groups.15,18 The second weight loss of ; 40% in-
dicated that EB films begin to degrade at 300°C
and are completely decomposed at 630°C. Similar
trends for weight losses associated with polyani-
line (EB) films and powder have been reported,
however the temperature at which the different
stages of weight loss occurs are different.27,29 This
difference is most likely due to variations in the
sample preparation methods and solvents used.
Wei et al.21 reported that there was only one
weight loss at ; 400°C when the films did not
contain any solvent. For their EB film, which was
made by free-casting of EB dissolved in NMP,
there was a 16% weight loss in the range 50–
270°C and a weight loss of ; 30% at ; 500°C. The
first stage of weight loss was due to evaporation of
NMP solvent and moisture. The second major
weight loss was attributed to structural decompo-
sition of the polyaniline.

The DSC thermogram for the U polyaniline
(EB) film is shown in Figure 2. An endothermic
peak is observed between 65 and 115°C, followed
by two broad, exothermic peaks at 180–270 and
300–380°C. The endothermic peak indicates re-
moval of moisture and solvent and is consistent
with the corresponding weight loss shown in the
TGA thermogram. Similar observations have
been made by Abell et al.,15 Paul et al.,18 and Wei
et al.21 As reported by Ding et al.,16 the first
exothermic peak is related to cross-linking and
reorientation of the polyaniline chains. There is
no decomposition in the temperature range of the
first exotherm because no corresponding weight
loss is observed in the TGA thermogram. How-
ever, the second broad exothermic peak between
300 and 380°C is attributed to structural decom-

position and/or partial degradation of the EB
films. This observation is supported by the corre-
sponding significant weight loss indicated in the
TGA thermogram in this temperature range.
Based on the TGA and DSC results, the EB films
were annealed at 180°C, which appeared to be
below the temperature at which there is a sub-
stantial change in the polyaniline (EB) films.
However, as the experimental results will show,
annealing at 180°C is too close to the temperature
at which polyaniline (EB) films start to cross-link.
Although wide angle X-ray studies were consis-
tent with those reported by other groups, further
studies are being conducted to understand the
influence of annealing on the polyaniline (EB)
structure in the films near the temperature range
at which cross-linking is observed.

The chemical structure of a polymer chain can
be identified with the help of a FTIR analysis of
the polymer sample. The quinoid and benzoid
rings shown in Figure 3 form the backbone of
polyaniline (EB). As indicated by the figure, the
conversion of quinoid rings to benzoid rings due to
protonation results in the formation of charge
carriers along the polymer chain. Therefore, the
presence of quinoid rings in polyaniline (EB) be-
fore doping is critical to achieving any electrical
conductivity. The conversion of quinoid rings to
benzoid rings that occurs during annealing has a
significant impact on the electrical conductivity of
the films; this conversion results in fewer doping
sites available for protonation and, therefore, a
decrease in the electrical conductivity of the films
due to lack of significant polaron formation.27

Figure 1 Typical TGA thermogram of an undoped
polyaniline (EB) film in a nitrogen atmosphere. The
heating rate was 10°C/min.

Figure 2 Conventional DSC thermogram of an un-
doped polyaniline (EB) film in a nitrogen atmosphere.
The heating rate was 10°C/min and exothermic is “up”
from the initial starting point of the trace.
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The FTIR spectra of the films shown in Figure
4 were recorded after processing the films under
different conditions. The ratio of the peaks at
; 1530 and ; 1615 cm21 can be compared to
assess the relative amount of benzoid (; 1530
cm21) and quinoid (; 1615 cm21) rings in the EB
samples. As previously reported by Ding et al.,16

an increase in the ratio of the intensities at
; 1530 cm21 (benzoid rings) to ; 1615 cm21

(quinoid rings), I1530/I1615, signifies the conver-
sion of quinoid rings to benzoid rings during the
annealing process. The ratio of these peaks in the
FTIR spectrum of the U polyaniline (EB) film

(shown as curve ‘1’ in Figure 4) and that of the
UDA film (shown as curve ‘3’ in Figure 4) are
approximately the same; this result indicates that
the relative amount of benzoid and quinoid struc-
ture in these two samples is the same. The FTIR
spectrum of the UA polyaniline (EB) film (shown
as curve ‘4’ in Figure 4) shows a relative increase
in the intensity of the peak at ; 1530 cm21 and a
relative decrease in the intensity of the peak at
; 1615 cm21 compared to the U film (shown as
curve ‘1’ in Figure 4). Similar observations were
also made by Tang et al.23 and Cao et al.26 It is not
clear if this conversion occurs as a result of some
cross-linking at the imine nitrogen of the quinoid
ring with another imine nitrogen, or cross-linking
with an amine nitrogen within the polymer chain
or on a neighboring polymer chain. It should be
noted that the temperature at which the films
were annealed, 180°C, was selected because it
appeared to be below the temperature at which
cross-linking was seen in the DSC experiments.
Nevertheless, the presence of the peak at ; 1615
cm21 in the FTIR spectra of the UA film, identi-
fied as ‘4’ in Figure 4, clearly shows that after
annealing at 180°C there is a substantial amount
of quinoid rings present in the polymer chain. The
presence of quinoid rings is also evidenced by the
fact that after doping this UA polyaniline (EB)
film, the UAD film shows some electrical conduc-
tivity. This topic will be revisited later in this
paper.

The electrical conductivity of the polyaniline
(EB) films after different processing steps is
shown in Table I. Also shown in Table I is a
normalized comparison of the electrical conduc-
tivity; the initial conductivity of the films was
assumed to be 100% and the electrical conductiv-

Figure 3 Protonation of polyaniline (EB) converts the
emeraldine base to emeraldine hydrochloride salt,
which is the conducing form of polyaniline. This reac-
tion also shows that the presence of quinoid structures
in the polymer chain is significant because they are the
doping sites.

Figure 4 FTIR spectra of polyaniline (EB) films (1)
U, (2) UD, (3) UDA, and (4) UA. These films were 53.9
6 3.8 mm in thickness.

Table I Electrical Conductivity of the
Polyaniline (EB) Films Processed under
Different Conditions

EB Films after
Various Processing

Stepsa

Electrical
Conductivity

(S/cm)
Normalized
Ratio (%)

U , 10210 —
D 0.144 6 0.009 100.0
DA , 10210 0.0
DAR 0.008 6 0.001 5.6
UA , 10210 0.0
UAD 0.017 6 0.001 11.8

a The films were 53.9 6 3.8 mm thick.
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ity of the processed films was calculated as a nor-
malized percentage of that initial conductivity. The
electrical conductivity of the film that was doped
immediately after being cast, UD, was 0.144
6 0.009 S/cm (100%). Essentially no electrical con-
ductivity was observed after annealing this film
(UDA) in nitrogen atmosphere at 180°C for 3 h.
Annealing at a high temperature, such as 180°C,
results in a greater amount of dopant diffusion from
the films,30 and therefore, no electrical conductivity
was observed in these films after annealing.

As shown in the FTIR spectra in Figure 4, the
ratio of the intensities of the peaks at ; 1530 and
; 1615 cm21, which indicates the relative amount
of benzoid and quinoid structures, is approxi-
mately the same for the U films (curve ‘1’) and the
UDA films (curve ‘3’). Based on this result we
anticipated that the electrical conductivity of the
UDA films could be completely recovered on re-
doping. Ansari et al.30 found that ; 80% of the
original electrical conductivity of the polyaniline
(EB) films that were annealed in both air and

Figure 5 AFM images of EB films (1) U, (2) UD, (3) UDA, and (4) UA. The graded
bar scale to the right of the AFM image indicates the feature depth, with the darkest
shade representing the deepest point. Note: this scale is reversed for sample (2) to
provide a clear picture.
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nitrogen atmosphere for 1 h at 150°C could be
recovered by redoping using a film immersion
process. However, when our UDA films were re-
doped by immersing the films in a 1 M hydrochlo-
ric acid solution for 48 h, the electrical conductiv-
ity of the UDAR films was only 0.008 6 0.001
S/cm (5.6%). The partial recovery in our UDAR
films, which was less than expected, may be due
to some cross-linking in the polyaniline (EB)
chains that reduced the number of quinoid rings,
which are essential for doping. Also, removal of
the solvent during the annealing process may
cause the polymer chains to become more com-
pact, which may also reduce the number of sites
accessible for doping. However, because we did
not see any change in the ratio of intensities of the
peaks at ; 1530 and ; 1615 cm21 for the UDA
films (curve ‘3’), we believe that the partial recov-
ery is most likely due to the reduced accessibility
of sites in the polymer chain for doping.

The electrical conductivity of the films that
were annealed directly after casting and then

doped, UAD, was 0.017 6 0.001 S/cm (11.8%).
Though the reason for annealing the films at
180°C was to avoid cross-linking in the polymer,
the FTIR spectra and electrical conductivity ex-
periments showed that there may be some initial
cross-linking upon annealing, and hence fewer
doping sites are present. The FTIR spectrum of
the UA film (shown as curve ‘4’ in Figure 4) indi-
cates that there are a significant number of
quinoid rings present in the polymer chain that
can act as sites for doping. This result is con-
firmed by the fact that the electrical conductiv-
ity of the UAD film is 11.8% of the UD film that
was made by doping the films immediately after
casting.

As discussed earlier, the interfacial roughness
of the polymer films plays a critical role in the
properties of heterojunction diodes or any other
organic microelectronic device.9,11,31 Topographi-
cal images of the films and the corresponding
linescans that are typical of the films are shown
in Figures 5 and 6, respectively.

Figure 6 Representative line scans taken from different sections of the AFM image of
polyaniline (EB) films. The numbers correspond to the topographical image in Figure 5.
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As shown in Table II, the rms roughness of the
U polyaniline (EB) films was 2.86 nm. On doping
the EB films (UD), the rms roughness increased
by 46.2% to 4.18 nm. These UD polyaniline (EB)
films also showed defects, such as microvoids and
pin holes, which lead to a higher surface rough-
ness. A linescan image showing the microvoids
and pin holes in the UD films sample (in Figure
5.2) is shown in Figure 6.2. Wen et al.32 also
observed defects, such as the formation of fibril-
like structures, on doping polyaniline mem-
branes. After annealing our doped films (to make
the UDA films) at 180°C under a nitrogen atmo-
sphere for 3 h, the measured rms roughness was
reduced by 2.8% (to 2.78 nm) compared with the
initial U films. When the U films were annealed
under the same conditions, the rms roughness of
these films (UA) increased 40.2% to 4.01 nm. The
reasons for the reduction of the roughness in going
from the U polyaniline (EB) films to UDA film and
the increase in roughness in going from the U films
to the UA films are not well understood at this
stage.

In related work on free-standing polyaniline
(EB) films cast by NMP, Milton and Monkman33

reported that their U polyaniline (EB) films
showed a decrease in roughness when annealed
(to make UA films). To explain this result, they
suggested that the removal of NMP molecules by
evaporation resulted in spaces and voids (“free
volume”) being produced in the films. When the
polyaniline (EB) films were heated beyond their
glass transition temperature (Tg) of 180°C, the
samples hardened. This hardening of their UA
polyaniline (EB) film was confirmed by dynamic
mechanical thermal analysis (DMTA), and they
suggested that this hardening was because of a

reduction in free volume due to compaction. As a
result of this compaction, they proposed that the
polymer chains became physically entangled.
Therefore, it might be expected that any defects,
such as nano-voids and micro-voids, formed on
evaporation of solvent would become occupied by
the polyaniline (EB) chains. Hence, their explana-
tion suggests that the rms roughness measured on
molecular length scales should show a decrease in
going from a U film to a UA polyaniline (EB) film,
which agrees with their experimental results.

However, in going from the U polyaniline (EB)
film to the UA film, we observed that the rms
roughness of the EB films increased by ; 40%.
Therefore, our findings on the effect of annealing
on surface roughness of undoped, free-standing
EB films appears to be contrary to what would be
expected based on the observations of Milton and
Monkman.33 At this stage we are not certain why
the rms roughness of the doped films reduces
after thermal treatment. This phenomenon is a
subject of current investigation. Nevertheless, it
is important to note that the rms roughness of the
UD films was 4.18 nm and it reduces to 2.78 nm
when annealed (UDA), which is beneficial for
creating more uniform interfaces between the
polymer layer and metal contact of a device. This
reduction of surface roughness should also im-
prove the performance of the device.

CONCLUSIONS

The morphology and surface roughness of polya-
niline (EB) films depend on its thermal treat-
ment. AFM characterization of the films showed
that the rms roughness of the films increased by

Table II Root Mean Square (rms) Roughness of the Polyaniline (EB) Films Processed under
Different Conditions

Film #
EB Films after Various Processing

Stepsa
rms Roughness

(nm) % Increase in rms Roughness

1 U 2.86 —
2 UD (doped by film immersion

technique with 1 M HCl for 48 h at
room temperature)

4.18 46.2

3 UDA (annealed at 180°C for 3 h under
nitrogen atmosphere)

2.78 (2.8) (decrease)

4 UA (annealed at 180°C for 3 h under
nitrogen atmosphere)

4.01 40.2

a The films used in this study were 53.9 6 3.8 mm thick, and the percent increase in rms roughness is relative to the U film.
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; 46% after doping (U3 UD). However, thermal
treatment of the doped films under a nitrogen
atmosphere at 180°C for 3 h reduced the rms
roughness to the level of the initial, undoped film
(UD 3 UDA). In another processing sequence in
which the polyaniline (EB) films were annealed
after being cast (U 3 UA), the rms roughness
increased by ; 40%. The electrical conductivity of
these films is also strongly dependent of process-
ing sequence. No electrical conductivity was ob-
served in the doped polyaniline (EB) films that
were subsequently annealed (UDA films). After
redoping these thermally treated films (UDA 3
UDAR), ; 6% of the initial conductivity could be
recovered. On the other hand, the electrical con-
ductivity of the UAD films was only 12% relative
to the UD films.

The results from our AFM and doping studies
indicate that one approach to lowering the rough-
ness of polyaniline may be to anneal the doped
films and then redope the film prior to making a
device. However, the films should be annealed at
a lower temperature (e.g., 120°C) to reduce the
loss of electrical conductivity that occurs during
annealing at higher temperatures (e.g., 180°C).
Effective processing strategies for making polya-
niline (EB) films with significantly lower rms
roughness should result in improved performance
of conducting polymer-based electronic devices
made from these materials.
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