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ABSTRACT

SnS is considered being a promising thermoelectric material because it has the

same crystal structure as that of SnSe which has excellent thermoelectric

properties. However, the low electronic transmission properties confine its

performances. The difficult preparation and poor mechanism property of SnS

single crystal also confined its commercial application. In this paper, we suc-

cessfully doped aluminum into the SnS films by a simple one-step co-deposition

method. We obtained compact aluminum-doped SnS films with orthogonal

crystal structure, which was caused by the properly controlled composition. The

carrier concentration of the aluminum-doped SnS films was successful increased

by the increase in Al content. The resistivity was further decreased by the

additives in the electrolytes because the additives changed the texture orienta-

tion and texture coefficient, which caused the change of carrier mobility. When

CTAB was added into the electrolytes, the strong (200) texture formed in the

aluminum-doped film which caused a relatively large carrier mobility. The

combination of the large carrier mobility and concentration determined the

resistivity as small as 91.82 X�cm. The results proved that aluminum doping can

effectively increase the carrier concentration of SnS films, and the simultaneous

carrier mobility decrease can be compensated by additives. The aluminum

doping and additive application pave an effective way to promote the electric

transition properties of SnS films which is profitable for its thermoelectric

characters. And the simplicity of the co-deposition method of aluminum doping

and texture adjustment exhibits a potential of commercial application.
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1 Introduction

Thermoelectric materials have been successfully

applied in thermocouple for over a hundred years.

For the huge economic and environment profits,

reuse of residual or waste heat and electronic refrig-

eration through thermoelectric effect have long been

noticed by researchers [1]. And it was believed that

thermoelectric materials have a huge potential for

green energy generation because it can realize direct

heat-electricity conversion [2]. But the commercial

application of thermoelectric phenomenon in power

generation has scarce successful example because of

the low efficiency. To promote the power generation,

the development of thermoelectric materials with

high conversion efficiency is the critical factor.

The most convincing parameter to describe ther-

moelectric performance of a material is figure of

merit value which is defined as [1]

ZT ¼ S2rT=j ð1Þ

where S, r, T and j represent the Seebeck coefficient,

the electrical conductivity, the absolute temperature,

and the thermal conductivity, respectively. Within

such a value, all abilities of thermoelectric potential

generation, electrical conductivity and thermal con-

ductivity are taken into account, so ZT can properly

reflect the electric power generation efficiency of a

material.

SnSe was well noticed recently since it reached the

largest ZT value of 2.6 along its b-axis [3–5]. The large

ZT of SnSe mainly was caused by its unique layered

structure and distortion based on NaCl crystal

structure which determines its very small thermal

conductivity along b-axis and large conductivity and

Seebeck coefficient [3, 6]. In order to increase the ZT

of SnSe at different temperatures, many theoretical

and experiment attempts were done. One way was

change the band gap of SnSe by doping, such as the

doping of Pb [1, 7], Te [8]. Another way was changing

the phonon transports through the crystal structure

change by doping, such as the doping of Cl [2], Br [9].

However, Se is scarce in resource and the toxicity of

SeSn may cause water pollution. Furthermore, most

observed excellent thermoelectric performance of

SeSn appeared in single crystal because it can keep

perfect [010] orientation. But single crystal SnSe is

difficult to prepare and very brittle, which are dis-

advantageous for both processing and application.

Therefore, the commercial application of SnSe still

has a long way to go.

SnS can be considered as a good substitutional

material for SnSe. The reason is that SnS has the same

crystal structure as that of SnSe, so it can be expected

to have similar thermoelectric properties. Further-

more, SnS is inexpensive, abundant in resource and

nontoxic. However, the conductivity of SnS is low for

thermoelectric application. One of the reasons is that

the band gap of SnS is about 1.3 * 1.5 eV, and its

carrier concentration is only 1015 cm-3 at 300 K [10],

which is lower than that of most traditional thermo-

electric materials [11]. As stated in the literature

[12, 13], the carrier concentration between 1019 and

1021 cm-3 is required for high ZT, so the carrier

concentration of SnS has to be increased [14–16]. The

band gap of the intrinsic semiconductor can be nar-

rowed by the donor or acceptor level provided by

doping atoms [17, 18], so doping is an effective path

to change band gap and increase carrier concentra-

tion. The number of carriers of SnS can be effectively

increased through the substitution of Sn or Se atom

with doping elements [19]. Many doping elements for

SnS, such as Se [20], Cu [21], Na [22], Al [23, 24] and

Ag [25–27], were reported to change its transforma-

tion characters and thermoelectric properties.

Polycrystal is superior to single crystal in view of

both the cost and technique simplicity of preparation.

Polycrystal thermoelectric films were prepared with

various methods, such as thermal evaporation [28],

sol–gel process [29], chemical vapor deposition [30],

physical vapor deposition [31] and magnetron sput-

tering [32]. Electrodeposition is well noticed for its

simple process and equipment requirement, low cost

and commercial convenience [33]. However, the

grain boundary of the deposited polycrystal will

cause extra carrier scattering which will decrease the

carrier mobility. The advantage of easy carrier

movement in special orientation, such as the [010]

orientation, of single crystal will lose through elec-

trodeposition because of the random orientations in

the polycrystal. In order to keep the advantage, spe-

cial deposition technique should be adopted to obtain

certain preferential orientation. So the texture control

of the doping SnS is a precondition of the application

of its electrodeposition with high carrier mobility.

In this paper, we attempted the electrodeposition

of aluminum-doped SnS and adjust the texture of the

films by different additives, in order to promote the

carrier concentration and their mobility
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simultaneously. Different deposition strategies were

attempted to cope with the big reduction potential

difference between Al (- 1.66 V, vs. RHE) and Sn (-

0.1377 V, vs. RHE), in order to fulfill their co-

deposition.

2 Experiment methods

2.1 Preparation of the films

We used a three-electrode system to prepare the

aluminum-doped SnS thin films. The reference elec-

trode, counter electrode and working electrode were

saturated calomel electrode (SCE), Pt plate and

indium tin oxide (ITO) substrate with a deposition

area of 2 9 2 cm2, respectively. Before the electrode-

position, we cleaned the working electrodes with

acetone, ethanol and deionized water in turn for

20 min.

The electrolytic bath for SnS film was consisted of

2 mM SnCl2, 10 mM Na2S2O3 and 6 mM K4O2P7. In

order to adjust the texture of the films, we added

CTAB and urea with the concentration of 10 mg/L

into the electrolyte, respectively.

For the aluminum doping SnS thin films, we added

different amount of 0.1 M AlCl3 solution into the

electrolyte to obtain the final Al3? concentration of

0 mM, 0.25 mM, 0.50 mM, 0.75 mM and 1.00 mM,

respectively. We added dilute sulfuric acid into the

electrolyte to adjust the pH to 3.0. The electrodepo-

sition was performed under the potential of -1.1 V

(vs. SCE) at 50�C for 40 min. We also added CTAB

and urea with the concentration of 10 mg/L into the

electrolyte to adjust the texture. After the electrode-

position, we placed the obtained thin films into a tube

furnace to anneal them at 350�C for 0.5 h with the

protection of argon flow.

2.2 Characterization of the films

The crystal structure and texture of the thin films

were tested by XRD (RINT 2200 V/PC, Rigaku) with

Cu Ka radiation at 40 kV, 30 mA and a scan speed of

4�/min. The microscopic morphology and particle

homogeneity of the thin films were characterized by

SEM (JEOL FE-JSM-6701F, Japan). The acceleration

voltage was 5 kV, WD was 8 mm, and the beam

strength was 9lA. The chemical composition of the

films was analyzed with an energy-dispersive X-ray

spectroscopy (EDX, Oxford INCA-Penta-FET-X3,

England) equipped on the SEM equipment. The test

parameters of the EDX were the accelerated voltage

of 15 kV and the beam strength of 11lA. Transmis-

sion spectra were recorded with an UV–Vis spec-

trophotometer (ShimazuUV-2450, Japan). The band

gap Eg of the films was calculated with Eq. (2)

according to the transmission test results [34].

ðahmÞ2 ¼ Aðhm� EgÞ ð2Þ

Electronic properties such as carrier type, concen-

tration, mobility and the resistivity of the thin films

were measured with a Hall effect measurement sys-

tem (Phys. Tech. RH2030). The measurements were

taken along the surface of the films with 1 9 1 cm2

test area and 0.5 T magnetic intensity. Before the

measurement, the films were peeled off the ITO

substrates with marble glue in order to eliminate the

interference caused by the substrate.

3 Results and discussion

3.1 Morphology, crystal structure
and texture of SnS films

Figure 1(a) shows the morphology of the SnS film

deposited without additive. It shows that the film

was compact which was composed by homogeneous

nano-plates. The compact and homogeneous mor-

phology is profitable for the carrier transformation of

the film. When CTAB was added during the elec-

trodeposition, the size of the nano-plates decreased

slightly, which is shown in Fig. 1(b). However, after

the addition of urea during the electrodeposition, the

morphology and the nano-plates almost kept the

state of the SnS film without additive [Fig. 1(c)].

Therefore, we can conclude that the additives influ-

ence little on the morphology of the films.

The XRD spectra of the films deposited with and

without additives are shown in Fig. 2. It shows that

all the positions of the peaks match well with the

characteristic peak of SnS according to JCPDS 39-

0354, except the peaks caused by the ITO substrate.

So all the films were SnS with the orthogonal crystal

structure, and the additives did not change the

crystal structure. However, the relative intensity of

the peaks changed much by the additives, which

were quite different from those in JCPDS 39-0354. In

other words, the additives changed the texture of the
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films. In order to analyze the texture change, we

calculated the texture coefficients Thkl of the SnS films

with formula (3) [35] based on the XRD test results.

Thkl ¼
Ihkl
I0
hkl

1
n

Pn

i¼1

IHKL

I0
HKL

ð3Þ

where Ihkl represents the tested relative strength of

the considering crystal plane (hkl) and I0hkl represents

the standard relative strength of the diffraction peak

of the same crystal plane; IHKL represents the tested

relative strength of any crystal plane (HKL) and I0HKL

represents the standard relative strength of the

diffraction peak of the same crystal plane; and

n represents the total number of XRD peaks caused

by the deposited films. In our case, the value of n is

12, which is the total number of the peaks caused by

the diffraction of (110), (120), (021), (111), (040), (131),

(200), (141), (002), (151), (122), (042) of orthogonal

SnS, respectively.

The calculation results of the texture coefficients of

(200), (040) and (002) of the SnS films are shown in

Fig. 1 SEM images of the SnS films: a SnS deposited without additive; b SnS deposited with CTAB; c SnS deposited with urea

Fig. 2 XRD spectra of the films deposited with and without

additives
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Table 1. After the addition of CTAB, the strongest

texture orientation changed to (200) crystal plane

from (040). Although the addition of urea did not

change the strongest texture orientation, it changed

the texture coefficient very much. The texture coeffi-

cient of the strongest orientation T040 changed from

1.67 to 2.73 by the addition of urea. So both the tex-

ture orientation and its strength of the SnS films can

be effectively adjusted by additives; such change of

preferential orientation might cause the change of

carrier mobility of the SnS films.

3.2 Aluminum-doped SnS films

Different amount of Al3? was added into the elec-

trolyte to prepare the aluminum-doped SnS films.

The compositions of aluminum-doped SnS films were

tested by EDX and the results are shown in Table 2.

The aluminum content of the films increased with the

increase of the Al3? content in the electrolytes, so the

aluminum doping amount can be effectively con-

trolled by the adjustment of the Al3? content. The

atomic ratio of (Al ? Sn):S was successfully con-

trolled between 1:0.90 and 1:0.98, which is quite close

to the stoichiometry of SnS. Such an atomic ratio is

profitable for the aluminum-doped films to sustain

the orthogonal crystal structure of SnS.

Figure 3 shows the SEM images of the aluminum-

doped SnS films with different Al content. The alu-

minum-doped SnS films were still compact and

homogenous, but the morphology of the aluminum-

doped SnS films changed slightly compared with that

of SnS films. Here, the aluminum-doped SnS films

were composed by tiny bars instead of the nano-

plates in SnS films.

Figure 4 shows the XRD test results and texture

coefficients of aluminum-doped SnS films with dif-

ferent Al content. It can be seen from Fig. 4(a) that all

the films still kept the orthogonal crystal structure of

SnS, which is in accordance with the atomic ratio of

(Al ? Sn): S which was close to the stoichiometry of

SnS. However, the texture orientations and their

strengths were obviously influenced by the alu-

minum doping. The strongest texture changed from

(040) to (200) with the increase in Al content

[Fig. 4(b)]. When the Al content reached 1.44-at%, the

texture coefficient of (200) crystal plane reached as

high as 2.98, which is a very large increase compared

with that of 1.00 of pure SnS film (Table 1).

The change of composition and structure of alu-

minum-doped films caused the corresponding prop-

erty changes, which is reflected by Fig. 5. With the

increase in Al content, the carrier concentration n in-

creased much from 4.26 9 1015 cm-3 to

60.75 9 1015 cm-3. Meanwhile, the carrier mobility l
decreased with the increase in Al content, which

could be attributed to the mutual hindrance of the

carriers when their concentration was high. Although

the carrier mobility decreased, the resistivity q
decreased after the aluminum doping because of the

large carrier concentration increase. Of cause the

carrier concentration increase could be attributed to

the effect of aluminum doping. The reason could be

analyzed from Fig. 5(d). After the aluminum doping,

the band gap Eg changed from 1.31 eV to 1.21 eV,

which is quite close to the reported value [36]. In the

aluminum-doped films, Al3? ions should occupy the

position of Sn2? cations as donor because Al can

contribute 3 electrons. Therefore, Al3? ions provided

a donor level below the conduction band resulting in

a decrease in the band gap Eg. So more electrons

could be excited over the band gap and entered the

Table 1 Texture coefficients of the SnS films

Additive T200 T040 T002 Strongest texture

- 1.00 1.67 1.00 (040)

CTAB 2.32 2.14 0.35 (200)

Urea 1.77 2.73 0.67 (040)

Table 2 EDX results of

aluminum-doped SnS films

deposited in electrolytes with

different Al3? content

Al3? content

(mM)

Composition (at%) (Al ? Sn):S

Al Sn S

0.25 0.62 ± 0.22 51.98 ± 1.38 47.40 ± 1.75 1: 0.90

0.50 1.06 ± 0.94 51.13 ± 1.69 47.81 ± 1.13 1: 0.92

0.75 1.38 ± 0.98 50.42 ± 1.97 48.20 ± 4.80 1: 0.92

1.00 1.44 ± 0.23 49.17 ± 0.99 49.39 ± 0.70 1: 0.98
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conduction band to become a carrier [37–39]. By a

simple co-deposition method, the aluminum was

successfully doped into the SnS films and the Al

content was controlled to promote the carrier con-

centration effectively.

3.3 Aluminum-doped SnS films deposited
with additives

It is unsatisfactory that the increase in carrier con-

centration caused by aluminum doping was accom-

panied by a carrier mobility decrease. So we

attempted to increase the carrier mobility of the alu-

minum-doped SnS films by the adjustment of texture

with additives. The Al3? content of the electrolyte

was 1.0 mM, and the content of the additives of

CTAB or urea was 10 mg/L. The SEM images of the

aluminum-doped SnS films deposited with additives

are shown in Fig. 6. After the addition of the addi-

tives, aluminum-doped SnS films were still compact

and homogenous, but the morphology changed

slightly compared with that without additive. The

aluminum-doped SnS films deposited with additives

were composed by nano-plates whose thickness was

a little larger at the center.

The EDX results of the aluminum-doped SnS films

deposited with additives are shown in Table 3. The

aluminum content of the films changed after the

addition of the additives although the Al3? content in

the electrolytes was the same. CTAB increased the

aluminum content and urea decreased it. However,

the atomic ratio of (Al ? Sn):S was still in the range

of 1:0.88 to 1:0.97 after the addition, which is quite

close to the stoichiometry of SnS. So we can expect

that the crystal structure of the aluminum-doped

films was still orthogonal at such an atomic ratio.

Fig. 3 SEM images of the aluminum-doped SnS films with different Al content: a 0.62-at% Al; b 1.06-at% Al; c 1.38-at% Al; d 1.44-at%

Al
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Figure 7 shows the XRD spectra of the aluminum-

doped SnS films deposited with additives. It can be

seen that all the aluminum-doped SnS films still kept

the orthogonal crystal structure, which is in accor-

dance with the atomic ratio of (Al ? Sn):S. The tex-

ture coefficients of the aluminum-doped SnS films

deposited with additives were calculated according

to the results in Fig. 7, and the calculation results are

listed in Table 3. Comparing the texture characters of

the aluminum-doped SnS films deposited with

additives with those without additive [Fig. 4(b)] and

those without aluminum doping (Table 1), it can be

found that the orientations and strengths of the alu-

minum-doped SnS films were obviously influenced

by the additives. For pure SnS films, CTAB caused

the strongest texture orientation change from (040)

crystal plane to (200). Urea did not change the

strongest texture orientation, but it changed the tex-

ture coefficient obviously. For aluminum-doped SnS

films, CTAB and urea had the same behavior, but

they changed the texture coefficient of the strongest

texture much larger. The T200 change of the pure SnS

film was 2.32–1.00 = 1.32 by CTAB, but that of the

aluminum-doped SnS film was 4.53–2.98 = 1.55. The

T040 change of the pure SnS film was 2.73–1.67 = 1.06

by urea, but that of the aluminum-doped SnS film

was 5.76–1.88 = 3.88. Therefore, the additives had

larger effects on textures of aluminum-doped SnS

Fig. 4 XRD spectra and

texture coefficients

of aluminum-doped SnS films

with different Al content:

a XRD spectra; b texture

coefficients

Fig. 5 Hall and band gap test

results of aluminum-doped

SnS films with different Al

content: a carrier

concentration; b carrier

mobility; c electric resistivity;

and d band gaps of SnS and

aluminum-doped film with

1.44-at % Al
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films. The addition of CTAB is a more effective

method to obtain strong texture of a-axis, and urea is

a more effective method to obtain strong texture of b-

axis. Therefore, we could adjust the texture of alu-

minum-doped SnS films more effectively with addi-

tives. The stronger textures of the aluminum-doped

thin films may bring improved electrical properties.

Such conjecture is confirmed by the electrical

property test results in Table 4. The carrier concen-

tration and mobility of the pure SnS film deposited

without additives was 4.26 9 1015 cm-3 and 5.13

cm2/V�s, respectively. When pure SnS film deposited

with urea, the carrier concentration increased to

12.69 9 1015 cm-3, but the carrier mobility decreased

to 0.77 cm2/V�s, so the resistivity increased from

323.22 X�cm to 700.48 X�cm. Such a large resistivity

increase in resistivity is unwelcome. However, when

pure SnS film deposited with CTAB, the carrier

concentration increased to 6.12 9 1015 cm-3, and the

carrier mobility increased to 7.44 cm2/V�s simulta-

neously, which caused an encouraging resistivity

decrease to 174.21 X�cm. Such decrease came from the

texture change from (040) to (200), which obviously

increased the carrier mobility and did not decrease

the carrier concentration.

After the aluminum doping, the carrier concentra-

tion increased noticeably, which caused the resistiv-

ity decrease for all aluminum-doped films. The

carrier concentration increased to 60.76 9 1015 cm-3,

which was a large increase. But the resistivity did not

Fig. 7 XRD spectra of the aluminum-doped SnS films with

different additives

Fig. 6 SEM images of the aluminum-doped SnS films deposited with additives: a with CTAB; b with urea

Table 3 EDX results and texture coefficients of aluminum-doped SnS films deposited with additives

Additives Composition (%) Atomic ratio T200 T040 Strongest texture

Al Sn S (Sn ? Al):S

- 1.44 ± 0.23 49.17 ± 0.99 49.39 ± 0.70 1:0.98 2.98 1.88 (200)

CTAB 1.54 ± 0.84 48.94 ± 1.18 49.43 ± 1.95 1:0.97 4.53 0.81 (200)

urea 1.32 ± 1.04 51.84 ± 0.87 46.84 ± 0.85 1:0.88 0.22 5.76 (040)
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decrease to the same extent because the carrier

mobility decreased much simultaneously. The largest

carrier concentration of 129.45 9 1015 cm-3 occurred

on the SnS film deposited with urea, but the carrier

mobility decreased too much simultaneously, so the

resistivity of the film was not the smallest. When the

aluminum-doped SnS film was deposited with

CTAB, the carrier concentration reached

74.16 9 1015 cm-3, and the carrier mobility decreased

smallest for the aluminum-doped SnS films because

the strongest texture changed to (200) now. By the

aluminum doping and texture adjustment with

additives, the resistivity of the aluminum-doped film

decreased to 91.82 X�cm, which is delightful because

it is smaller than the 1/3 of the original value of the

pure SnS films.

The ZT value of our Al-doped SnS thin films can be

analyzed as the follows. The largest carrier concen-

tration of 129.45 9 1015 cm-3 reached the same level

of that of Si nano-wire of 1 9 1017 cm-3 [40]. The

resistivity of the same film of 104.17 X�cm is a little

larger than that of the Si nano-wire because of the

smaller carrier mobility. However, the (040) texture

of the film should have the very small thermal con-

ductivity along b-axis and large Seebeck coefficient,

which is determined by its unique layered structure

and distortion based on NaCl crystal structure [3, 6].

Furthermore, ref. [40] stated that the thermal con-

ductivity of doped Si nano-wires will be reduced

when its diameter is thinner than 300 nm but more

than 110 nm, because its phonon mean free path is

*300 nm, while its electron mean free path is

*110 nm. The thickness of the nano-plates of our Al-

doped films is just in this range (Fig. 6). Suppose the

films had the similar phonon mean free path and

electron mean free path as those of Si nano-wire, their

nono-structure is also profitable for the decrease of

thermal conductivity. All this factors are quite bene-

ficial to increase ZT.

Our results proved that aluminum doping can

effectively increase the carrier concentration of SnS

films, but it decreased the carrier mobility simulta-

neously. The carrier mobility of aluminum-doped

SnS films could be increased by texture adjustment

by additives. Such combination of doping and texture

reached a highest conductivity of SnS films by the

increase in carrier concentration and mobility simul-

taneously. The aluminum doping and additive

application pave an effective way to promote the

electric transition properties of SnS films which is

profitable for its thermoelectric characters. And the

simplicity of the co-deposition method of aluminum

doping and texture adjustment by additives exhibits

a potential of commercial application.

4 Conclusions

SnS films and aluminum-doped SnS films were pre-

pared by potentiostatic electrodeposition. The SnS

films were compact which was composed by homo-

geneous nano-plates with the expected orthogonal

crystal structure. The (200) and (040) texture with

large texture coefficients were successfully obtained

by adding CTAB and urea during the deposition,

respectively. The smallest resistivity was obtained in

the SnS film deposited with CTAB, which was

determined by the large carrier concentration and the

largest carrier mobility caused by the (200) texture.

By a simple co-deposition method, the aluminum

was successfully doped into the SnS films and the Al

content was controlled by the Al3? content in the

electrolytes. Aluminum-doped SnS films were also

compact with the expected orthogonal crystal struc-

ture because of the successfully controlled composi-

tion which was close to the stoichiometry of SnS. The

carrier concentration of the aluminum-doped SnS

films increased with the increase in its Al content

because the doped Al decreased the band gap Eg. The

Table 4 Electrical

performance of pure and Al-

doped SnS films with different

textures

Doping state Additive Strongest texture Thkl n

(9 1015 cm-3)

l
(cm2/V�s)

q
(X�cm)

pure – (040) 1.67 4.26 5.13 323.22

pure CTAB (200) 2.32 6.12 7.44 174.21

pure urea (040) 2.73 12.69 0.77 700.48

aluminum-doped – (200) 2.89 60.76 0.67 166.04

aluminum-doped CTAB (200) 4.54 74.16 1.05 91.82

aluminum-doped urea (040) 5.76 129.45 0.51 104.17
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resistivity of the aluminum-doped SnS films was

further decreased by the additives in the electrolytes

during the electrodeposition. The reason is that the

additives changed the texture orientation and texture

coefficient, which caused the change of carrier

mobility. When CTAB was added into the elec-

trolytes during the electrodeposition, the strong (200)

texture formed in the aluminum-doped film with the

large texture coefficient of 4.54 which caused a rela-

tively large carrier mobility of 1.05 cm2/V�s. The

combination of the large carrier mobility and the

large carrier concentration of 74.16 9 1015 cm-3

caused by the aluminum doping determined the

resistivity as small as 91.82 X�cm, which is smaller

than the 1/3 of the original value of the pure SnS

films.

Our results proved that aluminum doping can

effectively increase the carrier concentration of SnS

films, and the carrier mobility decrease can be com-

pensated by additives. The aluminum doping and

additive application pave an effective way to pro-

mote the electric transition properties of SnS films

which is profitable for its thermoelectric characters.

And the simplicity of the co-deposition method of

aluminum doping and texture adjustment exhibits a

potential of commercial application.
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