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ABSTRACT: A facile one-pot solvothermal route using the reaction of sputtered copper film 

and sulfur powder in ethanol solution at a low temperature of 90oC for 12 hours has been 

implemented to in-situ synthesize 2D hexagonal copper sulfide (CuS) nanoflakes. Their field 

electron emission (FE) characteristics were investigated and were found having close 

relationship with the copper film’s thickness. The lowest turn on electric field (Eon) was 2.05 

V/µm and the largest field enhancement factor (β) was 7261 when the copper film’ thickness 

was 160 nm. Furthermore, through a preferred edge growth route, patterned CuS nanoflakes 

were synthesized with the combined effect from a copper film seed layer and a passivation 

layer to further improve FE properties with Eon of 1.65 V/µm and β of 8351. The mechanism of 

the patterned CuS nanoflakes preferred edge growth is firstly reported and discussed. 

 

Introduction 

In the past few years, low dimensional nanostructures 

(nanowalls, nanotubes, nanowires, nanoparticles etc.) and low 

dimensional heterojunction structures based on all kinds of 

nanomaterials have attracted a great deal of interest for both 

scientific fundamentals in nanoscience1 and potential 

applications in nanoscale systems, including various new 

electronic and photonic nanodevices2-4. Among various low 

dimensional nanostructural materials, 2D transition metal 

sulfides are the most studied materials5-8 because of their large 

carrier mobility, good electrical conductivity and so on. Among 

them, copper sulfides are a class of functional semiconductors 

with many different structures and components, including 

covellite CuS, anilite Cu1.75S, digenite Cu1.8S, djurleite Cu1.95S, 

chalcocite Cu2S and so on. 

Their complex structures and valence states, together with 

their low cost and low toxicity, result in their great potential 

applications in super-capacitors9, solar cells10, lithium ion 

batteries11, photocatalysis12, biomedical and environmental 

fields13-14. Besides, field electron emission is also an important 

phenomenon for its application in flat-panel displays, high 

energy accelerators, X-ray sources, microwave amplifiers and 

vacuum microelectronic devices.15-18 Field emission properties 

of MoS2 as representation of transition metal sulfides have been 

investigated widely.19-22 However, as a great member of 

transition metal sulfides there are still rare reports about the 

field emission performance of 2D CuS nanoflakes.23-25 Much 

more works on CuS referring other excellent field emission 

(FE) materials such as CNT26 could be done to improve their 

field electron emission properties in three aspects: i) reduce 

turn on and threshold electric field: ii) increase emission 

current; iii) improve the stability of emission current. Generally 

speaking, high temperature process is needed for the synthesis 

of those FE materials such as CVD CNTs. 

In this article, we report a facile one-pot solvothermal 

route for in-situ growth of 2D CuS nanoflakes at a low 

temperature of 90oC. This method has various advantages 

including simplicity, environmentally friendly, energy saving 

and so on which is similar to the method used to synthesize 

copper oxide nanostructures27. More importantly, a 

conventional photolithography followed by lift-off techniques 

is used to produce patterned and fence-like CuS nanoflakes 

realizing their preferred edge growth which is never reported 

before to the best of our knowledge and the growth mechanism 

of the patterned CuS nanoflakes is discussed. Their field 

emission  performance is investigated with some interesting 

results of pretty low turn-on electric field (1.65 V/µm) and high 

field enhancement factor (8351) which is much more improved 

than before. In one word, our work investigates the structures 

of 2D CuS nanoflakes, along with their field emission 

properties, with the purpose of determining a structure-property 

relationship. 

Experimental 
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Materials and Synthesis 

 All primitive materials were purchased from commercial 

sources and used without further purification. The substrates 

used in our experiment were n-type silicon (Si) wafers whose 

electrical resistivity was 9.0×10-3 Ω•cm. They had been cleaned 

using Radio Corporation of America (RCA) method in order to 

remove original oxide layer and further ultrasonic cleaned 

sequentially with acetone, alcohol, deionized water and blew 

dried with dry N2 before deposition. Copper film was then 

deposited on Si wafer by a radio frequency (RF) reactive 

magnetron sputtering system using a copper (99.9% purity) 

target. The deposition time was controlled to 15s, 30s, 60s, 90s, 

120s and 150s. The approximate thicknesses of copper films 

calculated from Cu deposition rate are 20, 40, 80, 120, 160 and 

210nm. 

After that, a novel solvothermal route was implemented to 

grow 2D CuS nanoflakes as follows. Substrates coated by 

copper film and 60 mg sulfur powder were put into a teflon 

lined autoclave. After 40 mL ethanol was poured into, the 

autoclave was sealed and maintained at 90oC for 12 hours and 

then allowed to cool to room temperature. The resulting 

residues were washed sequentially with de-ionized water and 

ethanol to remove unreacted impurities. The nanoflakes were 

dried at 60oC for 2 hours in air at last. 

On the other hand, patterned CuS nanoflakes arrays were 

also fabricated through a preferred edge growth method. 160 

nm-thick copper films coated without or with passivation layer 

(sputtered ITO, 40nm) were treated with a conventional 

photolithography followed by lift-off techniques causing the 

whole film to be divided into patterned cylindrical arrays 

(diameter: 20 µm) before growing CuS nanoflakes. Then CuS 

nanoflakes grew under the same condition mentioned above. 

Sample Characterization 

The morphology of CuS nanoflakes was characterized by field 

emission scanning electron microscope (FESEM, FEI XL-30) 

together with an energy-dispersive X-ray spectroscopy (EDS) 

and transmission electron microscope (TEM). TEM techniques, 

including the bright field (BF) imaging and the selected area 

electron diffraction (SAED), were performed using a JEOL 

JEM-2010 electron microscope. The X-ray diffraction (XRD) 

pattern was acquired using a Burker Axs, D8 Advance with Cu 

Kα radiation at 40 kV and 40 mA. The compositions and 

chemical states of the CuS nanoflakes were examined by X-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscopy (UPS) by a Thermo Scientific ESCLAB 250 Xi 

with Al Kα X-ray source (hλ=1486.68 eV).  

The field emission characteristics were investigated in a 

home-made vacuum chamber with a base pressure of 2.0 × 10-5 

Pa under a two-parallel-plate configuration as shown in Fig. 

S1. The samples were fixed onto the cathode, while another 

parallel ITO glass plate served as the anode. The cathode area 

was 0.2 cm × 0.2 cm. The anode and cathode were separated by 

a 220 µm teflon spacer. A voltage supplied by a Keithley 248 

high-voltage source was applied between the anode and 

cathode to supply an electric field. The emission current was 

monitored by a Keithley 6485 picoammeter. In order to obtain 

reliable emission current, we have performed electrical 

annealing on all our samples. 

Results and discussion 

The field emission scanning electron micrographs of 2D CuS 

nanoflakes are shown in Fig. 1. Fig. 1a – 1f exhibit CuS 

nanoflakes named as Cu_15s, Cu_30s, Cu_60s, Cu_90s, 

Cu_120s and Cu_150s based on sputtering time of 15, 30, 60, 

90, 120 and 150 seconds for different thick copper film 

deposition, respectively. As can be seen from these pictures, 

with the copper films becoming thicker, CuS nanoflakes are 

formed and grow up slowly but definitely. When the thickness 

of the sputtered copper film is less than 60 nm shown in Fig. 1a 

and 1b, copper film reacts with sulfur powder forming a small 

amount of CuS nanoflakes which can be known from the bare 

part of substrate. If the thicknesses are more than 60 nm, CuS 

nanoflakes can carpet the whole substrate and the samples’ 

surface becomes smoother as Cu films become thicker which 

can be seen from Fig. 1c – 1e. Furthermore, as the thickness 

becomes to more than 160 nm, CuS nanoflakes further grow up 

and the size of CuS nanoflakes almost reach to 500 nm as 

shown in Fig. 1f. Additionally, higher magnification SEM 

images of these samples with 100 nm scale bars are shown in 

the inset of Fig. 1. The thickness of CuS nanoflakes is around 

10 nm. The density and size of CuS nanoflakes are becoming 

larger as the increase of copper films’ thicknesses. The yield of 

product CuS nanoflakes increases with the increase of the 

copper films’ thickness. When copper film’ thickness is 160nm, 

copper film reacts with sulfur powder completely which can be 

confirmed by energy-dispersive X-ray spectroscopies (Fig. S2). 

If copper film is becoming thicker than 160 nm, copper film 

will be residual after reaction which leads to the similarity of 

morphological variation as shown in Fig. 1e and 1f. 

 Fig. 1 SEM micrographs of CuS nanoflakes based on sputtered copper film with 

the thickness of (a) 20 nm, (b) 40 nm, (c) 80 nm, (d) 120 nm, (e) 160 nm and (f) 

210 nm. Inset: higher magnification SEM images with 100 nm scale bars. 

The energy-dispersive X-ray spectroscopies (EDS) of four 

samples (Cu_30s, Cu_60s, Cu_90s, Cu_120s and Cu_150s) are 

depicted in Fig. S2. It’s difficult to obtain EDS spectrum in 

sample Cu_15s because of its small amount of CuS nanoflakes. 

As can be seen from Fig. S2, the atomic ratios of Cu and S 

elements of all the samples are nearly to 1.0. In sample 

Cu_120s, the atomic ratio of Cu and S elements is the most 
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close to 1.0. The Raman spectra of all the samples are observed 

and some of the results for samples Cu_60s, Cu_90s, Cu_120s 

and Cu_150s are presented in Fig. S2. All the spectra only have 

one peak at the same position (～475 cm-1) besides the effect of 

Si substrate. The band at 475 cm-1 in CuS nanoflakes revealing 

that the lattice atoms of CuS are aligned in the periodic array, 

agrees well with the observation for the covellite structure of 

CuS with a hexagonal crystal structure. The observed Raman-

active modes of CuS nanoflakes are consistent with previously 

reported data.28 As can be seen from these results, the 

component of our products is covellite CuS. 

The microstructure and chemical composition of CuS 

nanoflakes of sample Cu_120s are investigated with 

transmission electron microscope (TEM) accompanied by 

selected area electron diffraction (SAED). CuS nanoflakes 

were scraped from the samples’ surface and ultrasonic 

dispersed in alcohol for TEM analysis and the corresponding 

SAED analysis, as shown in Fig. 2a and 2b. The CuS 

nanoflakes have a hexagonal crystal phase from the TEM 

observation and are single-crystalline for the appearance of 

diffraction dots in the SAED pattern. What’s more, a typical 

XRD pattern of the product is shown in Fig. 2c, which can be 

indexed to be hexagonal phase CuS in accordance with the 

results of the TEM analysis. The refined lattice constants are a 

= b = 3.792 Å and c = 16.344 Å, in accordance with the 

reported value for CuS crystal (JCPDS card, No. 06-0464).  

Fig. 2 (a) TEM image, (b) SAED pattern and (c) XRD pattern of CuS nanoflakes of 

sample Cu_120s. 

Important information on the surface electronic state and the 

composition of the products can be further provided by X-ray 

photoelectron spectroscopy (XPS) and ultraviolet photoelectron 

spectroscope (UPS) as shown in Fig. 3. Fig. 3b and 3c are high 

resolution XPS spectra of Cu 2p and S 2p peaks. The binding 

energies of Cu 2p3/2 and Cu 2p1/2 peaks at 932.1 eV and 952.0 

eV are shown in Fig. 3b respectively, which are typical values 

of Cu2+ in CuS. In the S 2p region, a double peak located at 

162.5 eV in another high resolution spectrum (Fig. 3c) 

corresponds to S 2p orbital which is a typical value for metal 

sulfides. The spectral deconvolution of the S 2p bands with a 

Gaussian profile reveals two sets of S 2p doublets and the 

presence of sulfur. Through an analysis of the relative intensity 

of Cu and S peaks, it can be calculated that the Cu/S ratio is 2:3 

which is less than the stoichiometry 1.0 of CuS. This might due 

to the residual of sulfur powder on the sample surfaces. UPS 

analysis is employed to further determine work function of the 

prepared CuS nanoflakes, as shown in Fig. 3d. From the UPS 

results, the work function of CuS is obtained from the 

intersection point of the tangent line (black line in Fig. 3d) and 

x-axis with its value of 4.95 eV. 

Fig. 3 Typical XPS spectra of the CuS nanoflakes: (a) survey spectrum, (b) Cu 2p 

region XPS spectrum, and (c) S 2p region XPS spectrum. The solid line represents 

the experimental data, and the dashen and dotted lines represent spectral 

deconvolution results. (d) UPS analysis of CuS nanoflakes. 

The field emission characteristics of our CuS nanoflakes 

are shown in Fig. 4. Field emission from in-situ synthesized 

CuS nanoflakes is observed noticeably up to the maximum 

applied electric field of 11.2 V/µm. FE current density versus 

electric field (J-E) characteristics of samples are illustrated in 

Fig. 4a. The typical electric fields for obtaining current density 

of 10 µA/cm2 and 100 µA/cm2 are defined as turn-on electric 

field (Eon) and threshold electric field (Eth). As the Cu film’s 

thickness increased from 20 to 210 nm, the turn-on electric 

fields of CuS nanoflakes decreased first and then increased, 

from 9.54 V/µm (20 nm) to 2.05 V/µm (160 nm) then to 2.70 

V/µm (210 nm). The same law is found to threshold electric 

fields which decreased from 7.20 V/µm (40 nm) to 3.07 V/µm 

(160 nm) then increased to 3.52 V/µm (210nm). 

Fig. 4 (a) FE current density vs. electric field plots for CuS nanoflakes of all the 

samples Cu_15s, Cu_30s, Cu_60s, Cu_90s, Cu_120s and Cu_150s. (b) The FN 

plots of the field emission J-E characteristic curves. 
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According to the F-N equation 

 

 

, 

where J is the field emission current density, E is the applied 

electrical field, A, B are constants, A = 1.56×10-10 AV-2eV, B = 

6.83×103 VeV-3/2 µm-1, β is the field enhancement factor and φ 

is the work function (4.95 eV for CuS known from UPS result) 

of the material, the FN plot, ln(I/E2) vs 1/E, is expected to be a 

straight line. The slop of FN plot has an inverse ratio to the 

field enhancement factor β, which is given by 

 

 

, 

where k stands for slop. The corresponding FN plot of the data 

in Fig. 5a is shown in Fig. 5b. The field enhancement factors of 

CuS nanoflakes increased from 1258 to 7261 then decreased to 

4322 having a similar rule with Eon and Eth. The detailed 

parameters of the field emission properties are shown in Table 

1. 

Table 1 Detailed Parameters of the Field Emission Properties for Samples 
Based on Different Thick Copper Films 

Samples Copper film’s 
thickness/nm 

Eon/V·µm-1 Eth/V·µm-1 F-N slop β 

Cu_15s 20 9.54  -59.7710 1258 
Cu_30s 40 5.85 7.20 -58.6365 1283 
Cu_60s 80 3.35 4.89 -12.9193 5822 
Cu_90s 120 3.26 4.43 -39.7342 1893 
Cu_120s 160 2.05 3.07 -10.3590 7261 
Cu_150s 210 2.70 3.52 -17.4031 4322 

β stands for field enhancement factor. 

According to the results above, the field emission 

properties of CuS nanoflakes based on 160 nm-thick sputtered 

copper film performed the best. To further overcome electric 

field screen effect and improve field emission properties, 

another experiment was performed realizing CuS nanoflakes 

preferred edge growth for the first time and decreasing the 

screen effect evidently. 160 nm-thick copper film with or 

without passivation layer (sputtered ITO) was treated with a 

conventional photolithography followed by lift-off techniques 

causing the whole film to be etched into cylindrical arrays 

before growing CuS nanoflakes. After growing CuS 

nanoflakes, SEM images of the special structures are shown in 

Fig. 5. Around the edge of cylinders CuS nanoflakes are 

obviously higher than those grown inside forming fence-like 

structures. From the high resolution SEM images, CuS 

nanoflakes only grew along the edge of those cylinders due to 

ITO passivation layer (Fig. 5e and 5f). While if there was no 

ITO passivation layer CuS nanoflakes would also grow inside 

those cylinders (Fig. 5b and 5c). CuS samples based copper 

films coated without or with passivation layer are named as 

Cu_120s_etched and Cu_120s_etched-ITO.  

Fig. 5 Low and high resolution SEM images of the CuS nanoflakes based on the 

patterned copper film without (a, b and c) and with (d, e and f) ITO passivation 

layer. 

Fig. 6 is a schematic drawing used to explain the formation 

of these fence-like structures properly. In the left picture, 

copper film without any treatment only reacts with sulfur 

powder dissolved in alcohol from its top position as the up 

arrow directed. While in the middle picture cylindrical copper 

film arrays without ITO passivation layer could react with 

sulfur from all directions except its bottom as the arrows 

directed. So for the CuS nanoflakes around the edge of 

cylindrical arrays their synthesis could be carried out from two 

directions including top and side leading to the fence-like 

structures (Fig. 5a – 5c)). Furthermore, if the patterned copper 

cylindrical arrays are covered with ITO passivation layer, 

copper would not react with sulfur from its top direction as the 

right picture shown in Fig. 6. In this case, CuS nanoflakes 

preferred edge growth are formed as shown in Fig. 5d – 5f.  

 
Fig. 6 Schematic diagram of the reaction between sulfur and copper film without 

(the left) and with (the middle: without ITO passivation layer, the right: with ITO 

passivation layer) being treated before.  

Based on the results above, the CuS nanoflake structures 

of sample Cu_120s_etched shown in Fig. 5a - 5c are some kind 

of solid pattern arrays; while the structures of sample 

Cu_120s_etched-ITO shown in Fig. 5d – 5f are some kind of 

hollow pattern arrays. The field emission properties of CuS 

nanoflakes of the two different structures and no patterned 

structures are measured with the results shown in Fig. 7. The 

turn on and threshold electric field of solid patterned CuS 

nanoflakes from sample Cu_120s_etched derived from J-E 

characteristic are 1.82 V/µm and 2.39 V/µm, respectively, 

which are smaller than those of no patterned sample Cu_120s 

indicating the better performance shown in Table 2. In addition, 

hollow patterned CuS nanoflakes of sample Cu_120s_etched-

ITO formed by preferred edge growth show better enhanced 

field emission properties with Eon = 1.65 V/µm and Eth = 2.21 

V/µm, which are decreased by 0.40 V/µm and 0.86 V/µm than 

no patterned CuS nanoflakes, 0.17 V/µm and 0.18 V/µm than 

)exp(
2322

E

BE
AJ

β

ϕ

ϕ

β
−=

β

ϕ
2/3

B
k −=
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solid patterned CuS nanoflakes respectively. It is noted that 

these values of the nanoflakes are comparable to many other 

inorganic semiconductor nanomaterials, such as CNT29, SiC30 

and ZnO31,32. In addition, the value of Eon (1.65 V/µm) for the 

in-situ synthesized hollow CuS nanoflakes arrays is much 

lower than that in Feng’s work (8.5 V/µm)23 and that for the 

copper sulphide (Cu2S) nanowire arrays (11 V/µm)25. 

Fig. 7 FE current density vs. electric field plots for CuS nanoflakes of samples 

Cu_120s, Cu_120s_etched and Cu_120s_etched-ITO. Inset: The FN plots of the 

field emission J-E characteristic curves. 

As shown in the inset of Fig. 7, the FN plots are straight 

lines and agree with FN theory perfectly indicating that the 

electron emission of the as-grown samples is a tunnelling and 

cold electron emission process. The slops of the straight lines 

are -10.3590 of Cu_120s and -9.0071 of Cu_120s_etched-ITO 

derived from the FN plots. Moreover, the field enhancement 

factor can be calculated from the slope of the ln(I/E2) -1/E plot 

as mentioned before, because of the work function of the 

emitter is known (φCuS = 4.95 eV). It presents the estimated β 

value increases to 8351 for hollow patterned nanoflakes from 

7261 for no patterned CuS nanoflakes in Table 2. At the same 

time, a two-stage slope behavior is observed in the FN plot for 

the solid patterned nanoflakes. Such two-stage slope 

characteristics are also reported in many other types of field 

emitters such as ZnO33 and CNTs34. 

Table 2 Detailed Parameters of The Field Emission Properties for Different 
Patterned CuS Nanoflake Samples 

Samples Eon/V·µm-1 Eth/V·µm-1 F-N slop β 

Cu_120s 2.05 3.07 -10.3590 7261 
Cu_120s_ etched 1.82 2.39 ----- ----- 

Cu_120s_ etched- ITO 1.65 2.21 -9.0071 8351 

The enhanced field emission properties of CuS nanoflakes 

can be explained as below. The method using preferred edge 

growth route to diminish the screen effect of the ZnO nanorods 

synthesized by hydrothermal approach has been reported in our 

previous work32. It is also practical to enhance CuS nanoflakes’ 

field emission properties using this method due to the results 

above. The structure of hollow patterned CuS nanoflakes 

diminishes the screen effect effectively which is in accordance 

with our simulation results. 

The emission stability test of the typical sample 

Cu_120s_etched-ITO was performed at a preset current density 

value of ～250 µA/cm2 with the result shown in Fig. 8 and the 

recording interval was 5 s. As shown in Fig. 8, the sample isn’t 

observed obvious emission degradation for over 3600s. 

Additionally, the emission fluctuation is about ～ 8% for 

sample Cu_120s_etched-ITO which shows a good emission 

stability. 

Fig. 8 The field emission current stability of CuS nanoflakes from sample 

Cu_120s_etch-ITO for over 3600 s. 

Conclusions 

In conclusion, we have in-situ synthesized 2D copper sulfide 
(CuS) nanoflakes with a facile one-pot solvothermal route 
using the reaction of sputtered copper film and sulfur powder 
in ethanol solution at a low temperature of 90oC. The 
relationship between the morphology of CuS nanoflakes and 
the thickness of sputtered copper film was investigated. The 
field emission properties of our material were receiving major 
emphasis in this paper. The turn on electric field decreased to 
2.05 V/µm and the field enhancement factor increased to 7261 
through controlling the copper film’s thickness of 160 nm. 
What’s more, the CuS nanoflakes with preferred edge growth 
were synthesized with the combined effect from a copper film 
seed layer and an ITO passivation layer. The hollow patterned 
nanoflake structures diminished the screen effect in field 
emission effectively with a low turn on electric field of 1.65 
V/µm and a high field enhancement factor of 8351. And CuS 
nanoflakes show good emission current stability over 3600 s. 
Our results imply that 2D CuS nanoflakes synthesized by 
solvothermal approach are promising candidates for vacuum 
electronic-device application.  
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