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ABSTRACT

Copper chalcogenide materials are interesting for multiple applications due to

the feasibility of suiting their optical absorption and electrical conduction by the

creation of copper vacancies. Here, CuxS and CuxSe nanocrystalline films with

p-type conductivity have been obtained by heating evaporated copper layers of

various thicknesses with elemental sulfur or selenium, at temperatures ranging

from 250 to 400 �C. These preparation parameters determine the composition

and the crystalline structure of the samples, which in turn control their mor-

phology, optical and electrical properties. Thus, the surface roughness increases

with the mean crystallite size, whereas the hole concentration increases as the

copper atomic proportion (or x value) decreases. Owing to the high carrier

densities achieved, around 1022 cm-3, the samples show a metallic behavior

with plasmonic absorption in the near infrared and electrical transport domi-

nated by phonon scattering. Apart from such common behavior, some differ-

ences have been established between the sulfide and selenide films. One is the

superior thermal stability of hexagonal CuS, present in all the temperature

range, with respect to hexagonal CuSe, which evolves to cubic Cu1.8Se above

300 �C. Other is about the bandgap, wider for the sulfide than selenide samples.

Introduction

Binary copper sulfides and selenides synthesized as

nanoparticles or thin films are attracting a growing

interest due to their unique properties and multiple

applications in catalysis, sensors, batteries, solar control

glazing and photovoltaic devices [1–6]. They exhibit

different stoichiometry and crystal structures [7, 8] that

determine their optical and electrical properties. The

gap energy of cubic Cu2S and Cu2Se, 1.0–1.3 eV in bulk

materials [9, 10], is suitable for light absorption under

sunlight illumination [11]. Nevertheless, the bandgap

shows a high sensibility to structural distortions and

stoichiometric variations, which are favored by the

mobility of Cu ions and the thermodynamic propensity

toward Cu deficiency, together with the ability of Cu

and chalcogen (S or Se) to change their oxidation state

[9, 12, 13]. In fact, these compounds are denoted asCuxS

or CuxSe (generally with 1 B x B 2), where a lower

x value represents a higher Cu deficiency. The copper

vacancies act as electron acceptors and make them

p-type semiconductors, which achieve metallic
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character when the hole density overcomes 1021 cm-3

[14, 15]. Such copper deficiency can produce some gap

widening by reduced Cu d-band width, in addition to

the Moss–Burstein widening by increased carrier con-

centration [12, 16]. But this is counterbalancedbymany-

body effects that tend to shrink the bandgap, due to the

contribution of scattering to the self-energy of the car-

riers [16, 17].

The facility for intrinsic doping is of especial

interest in the production of CuxS and CuxSe for

plasmonic applications, where the possibility to

switch the resonance frequency by changing the

composition and geometry of nanocrystallites has a

great relevance [18–21]. In bulk materials, the plas-

mon frequency can be moved from the infrared

toward the visible range by increasing doping [22].

Otherwise, when the plasmon oscillations are con-

fined to nanoparticles, the resonance frequency

changes also with their size and shape [23]. Thus,

nanoparticles of noble metals are often chosen for

n-type plasmon generation in the visible and near

infrared, but highly doped semiconductors can pro-

duce analogous response and exceptionally they

allow for controlled n-type or p-type conductivity as

required [16, 23]. For nanocrystalline thin films, the

crystallite size and other properties are also modified

with the layer thickness [24–26]. Moreover, highly

doped semiconductors offer a good chance for

exploring the relationship between the charge carrier

properties and the plasmonic response, owing to the

lack of multiple transitions that complicate the spec-

tral response in metals [27, 28].

In the present work, CuxS and CuxSe nanocrys-

talline films have been obtained by heating evapo-

rated copper layers of various thicknesses with

elemental sulfur or selenium, at temperatures rang-

ing from 250 to 400 �C. Thermal annealing of copper

in reactive atmospheres has been performed in dif-

ferent ways [29, 30]. The experimental procedure

here is analogous to that used in the preparation of

chalcopyrite compounds for photovoltaic applica-

tions [31, 32]. The availability of sulfur or selenium in

excess has been ensured to achieve p-type intrinsic

doping through the formation of copper vacancies.

The influence of the annealing temperature and

copper thickness on the crystalline structure, mor-

phology, optical and electrical properties of the

samples has been determined and analyzed com-

paratively for copper sulfide and copper selenide

films. Plasmonic characteristics connecting the

electrical and optical properties have been estab-

lished for these materials, as well as their dependence

on the preparation parameters.

Experimental details

First, copper thin films were deposited by e-beam

evaporation of Cu pellets (99.99% purity) on soda

lime glass substrates placed in a rotating holder. The

pressure during evaporation was maintained below

4 9 10-6 mbar. The growth rate was fixed at 0.2 nm/

s, and the film thickness was changed from 50 to

200 nm by increasing the deposition time, being

always controlled through quartz crystal monitoring.

Subsequently, the evaporated Cu layers were

annealed with elemental sulfur or selenium pellets

put together in a partially closed graphite container,

which was loaded into a quartz tube furnace.

Chalcogen (S or Se)-to-copper mass ratio was adjus-

ted according to previous studies [33]. The reaction

processes were carried out under flowing Ar (0.5 l/

min) and atmospheric pressure, at different anneal-

ing temperatures from 250 to 400 �C that were

maintained during 30 min.

For the various copper sulfide and copper selenide

samples, the atomic composition was determined

with a Fischer X-ray fluorescence analyzer using

tungsten anode. The structure was examined by X-

ray diffraction (XRD) with radiation Cu Ka1
(k = 1.54056 Å) in a Philips X’pert instrument.

Crystallographic phases have been identified by

comparison of the measured diffraction peaks with

the cards given by the Joint Committee of Powder

Diffraction Standards (JCPDS). For each phase, the

mean crystallite size has been estimated with the

Scherrer formula from the full-width at half-maxi-

mum of the main diffraction peak. The morphology

was characterized with a Park XE-100 atomic-force

microscope (AFM), by taking digital images that

allow quantification of the surface roughness. Optical

transmittance T and reflectance R measurements

were taken with unpolarized light at normal inci-

dence in the wavelength range 300–2400 nm, with a

double beam spectrophotometer PerkinElmer

Lambda 9, taking the air as reference. The absorption

coefficient has been calculated as a ¼ ð1=tÞ ln
100� R %ð Þð Þ=T %ð Þf g, including also the film thick-

ness value (t) that was determined by profilometry

with a Dektak 3030. Electrical conductivity, free
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charge carrier concentration and mobility were

obtained with an ECOPIA system based on Hall

effect measurements.

Results and discussion

The composition of the samples is found dependent

on the initial copper thickness in addition to the

heating temperature applied for sulfurization or sel-

enization, as it is represented in Fig. 1. This shows

that the copper-to-chalcogen atomic ratio is near to

unity for the thinnest films heated at relatively low

temperature (250–300 �C). The copper proportion

increases when the annealing temperature rises to

350 �C, achieving a maximum value that is higher for

the selenized layers (Cu/Se = 2.2) than for the sul-

furized samples (Cu/S = 1.2). Otherwise, for a same

reaction temperature the copper proportion decrea-

ses when the film thickness increases, being the

minimum value achieved in the low-temperature

range similar after selenization (Cu/Se = 0.6) and

sulfurization (Cu/S = 0.7). The dependence with the

thickness has been confirmed by simultaneous reac-

tion of various Cu layers in a same process. All these

compositional data should be analyzed in relation to

the respective crystalline structure, which is detailed

below.

The influence of the copper thickness on the crys-

talline structure of sulfurized and selenized samples

is evidenced by the XRD patterns depicted in Fig. 2,

corresponding to 250 �C heating temperature. The

thinnest films show crystallization of hexagonal CuS

(JCPDS no. 06–0464) or CuSe (JCPDS no. 06–0427)

with strong (006) orientation. Thus, hexagonal crys-

tallites tend to grow with c axis perpendicular to the

substrate, in the same way than observed for these

compounds prepared by electrodeposition [3] or

pulsed laser ablation [34], but the increment in the

film thickness promotes also different crystalline

orientations. Such more random growth is related to

a higher chalcogen (S or Se) incorporation that pro-

duces crystallization of orthorhombic CuSe2 (JCPDS

no. 19–0400) for the thickest selenized layer, accord-

ing to its compositional data (Cu/Se = 0.6), although

only hexagonal CuS is detected for the analogous

sulfurized sample.

The evolution of the crystalline structure with the

heating temperature is illustrated in Fig. 3. An

Figure 1 Evolution of the sample composition (Cu/S or Cu/Se

atomic ratio) as a function of the reaction temperature and the

evaporated Cu film thickness.

Figure 2 XRD patterns corresponding to various Cu film thick-

nesses after sulfurization or selenization at 250 �C.
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additional cubic Cu1.8S phase (JCPDS no. 24–0061) is

detected together to the hexagonal CuS for the layers

sulfurized at 400 �C. This is due to some evolution

from CuS to more stable Cu1.8S, increasing the sym-

metry by heating [35], although the composition of

these samples (Cu/S B 1.2) indicates that CuS

remains in a high proportion, as observed in other

works [7, 15]. Conversely, for the selenized films the

increment in the reaction temperature to 350 �C
produces a large compositional change (Cu/Se C 1.7)

owing to the crystallization of cubic Cu1.8Se (JCPDS

no. 06–0680) substituting the hexagonal CuSe, along

with tetragonal Cu3Se2 (JCPDS no. 47–1745) for the

thickest samples with an overall ratio Cu/Se * 1.7.

These results confirm that thermal annealing involves

phase transitions from hexagonal to cubic and

tetragonal structures, by increasing the crystal sym-

metry and the Cu/Se ratio in the way [35]. The

normalized cell volume per formula unit increases

with such phase transformations owing to thermal

expansion and Cu rearrangement processes as stated

in the bulk materials [36, 37].

The reactions involved in the formation of the

various crystalline compounds should be related to

the chalcogen species in the gas phase. Below 330 �C,
the allotropes S8 and Se6 are the dominant species in

sulfur and selenium gasses, respectively [38, 39].

Above 330 �C, S2 becomes more relevant in the sulfur

gas, whereas Se5 and Se2 are the favorable species in

the selenium case [39]. Therefore, the following

equilibria are considered for the compounds obtained

at T B 300 �C:

8Cu sð Þ þ S8 gð Þ ! 8CuS sð Þ ð1Þ

6Cu sð Þ þ Se6 gð Þ ! 6CuSe sð Þ ð2Þ

3Cu sð Þ þ Se6 gð Þ ! 3CuSe2 sð Þ ð3Þ

and for T C 350 �C:

2Cu sð Þ þ S2 gð Þ ! 2CuS sð Þ ð4Þ

9Cu sð Þ þ Se5 gð Þ ! Cu9Se5 sð Þ ð5Þ

3Cu sð Þ þ Se2 gð Þ ! Cu3Se2 sð Þ ð6Þ

Besides, it is known that CuSe2 melts incongruently

to CuSe ? Se around 340 �C and CuSe converts to

Cu2-xSe above 350 �C [40]. This explains the absence

of CuSe2 or CuSe in the films obtained in the

350–400 �C range, because any other decomposition

or sublimation is detected beyond 500 �C [40].

In order to compare the crystallinity of the various

samples, mean crystallite sizes have been estimated

from the main diffraction peak of each phase and

they are represented in Fig. 4. For the hexagonal CuS

phase detected in all the sulfurized films, the crys-

tallite size is found in the range S(CuS) = 32–58 nm,

increasing as the thickness and/or the heating tem-

perature increase. The same behavior has been

observed in copper sulfide layers prepared by dip

coating [24], chemical bath deposition [25] or spray

pyrolysis [41]. Otherwise, CuxS crystallite sizes below

6 nm have been synthesized by sol–gel [42] and

solution-phase reaction [43, 44], near to the Bohr

radius estimated for this material [18]. Superior sizes

have been achieved for the hexagonal CuSe in the

single-phase samples selenized at 250–300 �C,
S(CuSe) = 74–83 nm, although its size decreases to

S(CuSe) = 46–66 nm when additional CuSe2 appears

for the thickest layers, with S(CuSe2) = 58–60 nm. A
Figure 3 XRD patterns corresponding to 0.2-lm-thick Cu films

after sulfurization or selenization at various temperatures.
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larger variation is detected for the cubic Cu1.8Se

obtained at 350–400 �C, S(Cu1.8Se) = 45–83 nm, for

which the crystallite size increases with the film

thickness but it decreases when the heating temper-

ature increases. This is attributed to some evolution

from cubic Cu1.8Se to tetragonal Cu1.5Se at the highest

selenization temperature, as it is evidenced in the

thickest layers with S(Cu1.5Se) = 50–65 nm. These

crystallite sizes are in the same order than reported

for other CuxSe films obtained by chemical bath

deposition [26] or screen printing [5].

AFM analysis performed on the layer surface has

shown that root-mean-square roughness (Rq) increa-

ses when the mean crystallite size increases. Such

correlation between morphology and crystallinity is

illustrated in Fig. 5 for the thinnest single-phase

samples synthesized at 250 and 350 �C. It should be

noted that all the evaporated copper films had a very

small roughness (Rq = 5 ± 1 nm). The smoothest

surface (Rq = 15 nm) corresponds to CuS obtained at

250 �C with the smallest crystallites (S = 32 nm), and

the increment in the sulfurization temperature makes

to increase both the crystallite size (S = 53 nm) and

the roughness (Rq = 80 nm). Otherwise, CuSe

obtained at 250 �C displays a rougher surface

(Rq = 175 nm) in accordance with its large crystallite

size (S = 74 nm), and the rise in the selenization

temperature produces phase transformation to

Cu1.8Se with lower crystallinity (S = 59 nm) and

roughness (Rq = 140 nm). Similar values have been

reported for other CuxS and CuxSe thin films

[41, 45, 46], although a clear correlation between the

crystallite size and the surface roughness cannot be

established when they are small variations in crys-

tallinity or coexistence of different phases.

The influence of the heating temperature on the

optical characteristics is represented in Fig. 6. Over-

all, the transmittance spectrum shows a maximum

located in the range k = 600–800 nm, where the

reflectance has a minimum and then increases mostly

in the infrared, being the maximum reflectance val-

ues higher for the sulfide samples. For a same heating

temperature, the transmittance maximum and

reflectance minimum are located at a higher wave-

length for the selenide than the sulfide film, but in

both cases they move toward near infrared when the

temperature increases. The optical absorption coeffi-

cients (a), calculated from T and R spectra, have

evidenced two different absorption phenomena that

are acting simultaneously in these layers and deter-

mine the position of the maximum and minimum

observed.

All the samples exhibit a great a increment in the

ultraviolet region, where the absorption is dominated

by the bandgap of the semiconductor. The experi-

mental data in Fig. 7 show a good fit to the expres-

sion for direct allowed interband transitions [47]:

a2 ¼ ðA=EÞ2 E� Eg

� �
, where A is a constant related to

the transition probability, E the radiation energy, and

Eg the bandgap energy. Such gap energy is found

higher for the sulfide layers, Eg = 1.74–2.22 eV, than

for the selenide films, Eg = 0.80–1.37 eV, including in

these ranges the various thicknesses and reaction

temperatures. The smallest gap values correspond to

the thickest films prepared at the lowest temperature,

which have the lowest copper-to-chalcogen atomic

ratio. Some band gap widening due to quantum

confinement has been reported for copper chalco-

genide nanocrystals with sizes below 6 nm

[18, 42, 44], but this effect is discarded here owing to

the large crystallite sizes obtained for the various

phases.

The samples show also an absorption peak in the

near infrared that is due to plasmon resonance, the

collective oscillation of free carriers in response to the

radiation, where a is connected to the hole density

and mobility (Np and lp) through the plasmon and

damping energies (Ep and EC) [48, 49]:

a2 Eð Þ / EC

E� Ep

� �2þE2
C

ð7Þ

Figure 4 Evolution of the mean crystallite size for the various

sulfide and selenide phases obtained as a function of the reaction

temperature and Cu film thickness.
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lp ¼
�hq

m�EC
ð8Þ

Np ¼
m�e1e0
�h2q2

E2
p þ E2

C

� �
ð9Þ

Here e? and e0 are the relative high frequency and

the vacuum permittivities, m* is the conductivity

effective mass, q is the carriers charge, and �h is the

reduced Planck constant. The plasmonic characteris-

tics (Ep and EC) have been obtained by fitting the

infrared optical data to Eq. (7), as it is illustrated in

Fig. 7, whereas the carrier density and mobility have

been acquired independently by Hall effect mea-

surements (NH and lH). Then, the effective mass has

been calculated from Eq. (8) by substitution of the

respective EC and Hall mobility values (assuming

lp = lH). In this way, a low effective mass for holes

(m* * 0.8 me) has been found in the present sulfide

and selenide layers, according to previous reports for

these materials [12, 44, 50]. Subsequently, the carrier

density Np has been estimated from Eq. (9) with the

optical data and taking e? = 10, as stated for other

copper chalcogenide nanocrystals [21, 44, 51], which

has given a good concordance between the Np and

NH values obtained for the various samples. It should

be noted that some of the thinnest copper selenide

films gave no electrical conductivity in the Hall effect

measurements. This is attributed to the high rough-

ness-to-thickness ratio for those layers, which hinders

the continuity of the electrical current along the

whole sample area.

The combination of optical and compositional data

has revealed some interesting relations that are

illustrated in Fig. 8, where the carrier concentration

and the gap energy are plotted as a function of the

copper-to-chalcogen atomic ratio (x = Cu/S or Cu/

Se). For both sulfide and selenide layers, the carrier

density decreases when the copper ratio increases

according to the expression Np ¼ 8� 1021þ
1024 e�6x cm�3

� �
. Otherwise, the gap energy increases

when the copper proportion increases, with a same

tendency but different superior limit for the copper

sulfide layers: Eg ¼ 2:4� 2 e�2x eVð Þ, and the copper

selenides films: Eg ¼ 1:4� 2 e�2x eVð Þ. The highest gap
values achieved at relatively high Cu ratios are

within the widest reported for these nanocrystalline

materials, that is 2.4 eV for copper sulfides [52–54]

and 1.4 eV for copper selenides [55–57]. Then, the

progressive creation of copper vacancies (when the x

value decreases) makes to increase the carrier

Figure 5 AFM images corresponding to the thinnest Cu films sulfurized or selenized at 250 �C (up) and 350 �C (down). The respective

crystallite size (S) and root-mean-square roughness (Rq) are included for comparison.
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concentration and narrow the bandgap, following the

relationship DEg ¼ �2� 10�8 DNp

� �1=3
that has been

already stated in different p-type semiconductors

[17].

In other cases, some increase in the carrier con-

centration due to copper vacancies formation is

accompanied by the increment in both Ep and Eg

energies, being Ep / N1=2
p according to Eq. (9) and the

gap broadening attributed to the Burstein–Moss

effect when the Fermi energy level decreases below

the highest valence band states [16, 44], for which a

dependence in the form DEBM
g / N2=3

p is expected [16].

Nevertheless, for greater carrier densities a sudden

decrease in the optical gap can prevail due to semi-

conductor–metal transition [58]. This produces a

bandgap narrowing that can be estimated by using

Figure 6 Optical transmittance and reflectance spectra as a

function of the radiation wavelength for the thinnest Cu films

after sulfurization or selenization at different temperatures.
Figure 7 Optical absorption coefficient as a function of the

radiation energy for the same samples represented in Fig. 6.

Figure 8 Evolution of the gap energy and carrier concentration as

a function of the composition (x = Cu/S or Cu/Se atomic ratio)

for the samples with various thicknesses and reaction

temperatures.
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the weakly interacting electron gas model [59]:

DEGM
g ¼ � q2

2pee0
3
pNp

� �1=3
, expression that represents

properly the experimental data for the present sam-

ples with a metallic character, being here

DEg ¼ DEGM
g .

The electrical characteristics determined by Hall

effect measurements are shown in Fig. 9. It shows

that hole mobility increases with the carrier concen-

tration in the form l / N1=2, and the conductivity

increases also accordingly r ¼ qNl / N3=2. In gen-

eral, for highly doped semiconductors the electrical

transport is dominated by optical phonon scattering

and ionized impurity scattering, which depend on

the temperature and the carrier concentration in

opposite ways [60]. Lattice ions, which are needed to

balance the free carriers charge, make to decrease

notably the mobility with increasing carrier density

[61]. However, for copper chalcogenides and other

materials with a high e?, the lattice ions are effec-

tively screened from the free carriers [62], and the

ionized impurity scattering is less relevant. Other-

wise, phonon scattering tends to decrease at high

carrier densities, and thus, it makes to increase the

mobility when the carrier concentration increases

[63]. This last tendency is observed for the present

samples, which is according to their metallic charac-

ter. Similar metallic behavior, with phonon scattering

dominating the electrical conductivity at room tem-

perature, has been reported for analogous copper

chalcogenide layers with hole concentrations around

1022 cm-3 [14, 15].

Conclusions

CuxS and CuxSe nanocrystalline layers have been

obtained by reaction of evaporated Cu (0.05–0.20 lm
thicknesses) with elemental sulfur or selenium at

temperatures ranging from 250 to 400 �C. The cop-

per-to-chalcogen atomic ratio is found increasing

when the heating temperature increases and/or the

film thickness decreases, in a wider interval for cop-

per selenides (x = 0.6–2.2) than copper sulfides

(x = 0.7–1.2), which is related to a higher thermal

stability of the sulfide compounds.

All the sulfurized films crystallized in the hexago-

nal CuS phase, with mean crystallite size increasing

from 32 to 58 nm when the layer thickness and the

heating temperature increase, although some addi-

tional cubic Cu1.8S appears after heating at 400 �C.
Similarly, the samples selenized at 250–300 �C have

shown crystallization of hexagonal CuSe, together

with orthorhombic CuSe2 for the layers with the

lowest Cu/Se * 0.6, but at 350–400 �C it is replaced

by cubic Cu1.8Se, with some tetragonal Cu3Se2 for the

films with Cu/Se\ 1.8. Copper selenide phases

achieved higher crystallites sizes than the analogous

copper sulfide.

Thus, thermal annealing involves phase transitions

that increase the crystal symmetry from hexagonal to

cubic and tetragonal structures, making to decrease

the copper-to-chalcogen ratio in the way. Besides, the

surface roughness is found related to the crystallinity,

with root-mean-square roughness increasing from

Rq = 15 to 80 nm when the CuS crystallite size

increases from 32 to 53 nm, and higher to

Rq = 175 nm for the CuSe crystallites with 74 nm or

Rq = 140 nm for the Cu1.8Se crystallites with 59 nm

mean sizes.

Both sulfide and selenide layers evidenced plas-

monic characteristics in the near infrared, which are

according to a low effective mass for holes

(m* * 0.8 me) and high carrier densities around

1022 cm-3. The progressive creation of copper

vacancies (when the x value decreases) makes to

increase the carrier concentration as Np ¼ 8� 1021 þ
1024 e�6x cm�3

� �
and narrow the bandgap for the

copper sulfide layers: Eg ¼ 2:4� 2e�2x eVð Þ, and for

the copper selenides films: Eg ¼ 1:4� 2e�2x eVð Þ. The
general relationship established, DEg ¼ �2� 10�8

DNp

� �1=3
, is properly represented by a weakly inter-

acting electron gas model. Moreover, the increment

Figure 9 Evolution of the Hall mobility and conductivity as a

function of the carrier concentration for the thickest Cu films after

sulfurization or selenization at different temperatures.
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in the hole mobility with the carrier concentration,

l / N1=2, confirms the metallic character of the sam-

ples, with electrical transport dominated by phonon

scattering.
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