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Thin films of CuxS are deposited by both chemical vapor deposition (CVD) and atomic layer deposition
(ALD) using copper bis-tetramethylheptanedionate, Cu(thd)2, and H2S as the precursors. Single-phase
CuS and Cu1.8S can be deposited using both techniques, while in CVD also mixed phases can be formed.
Comparing the ALD process with the CVD process leads to a better understanding of the reaction chemistry
of both processes. The main factor is the decomposition of Cu(thd)2 at 175°C, which leads to a phase
transition from CuS to Cu1.8S in ALD and deposition of mixed phases in CVD. Consequently, the phase
transition is sharp in ALD and gradual in CVD. At temperatures higher than 250°C, decomposition of
Cu(thd)2 occurs in the gas phase, leading to a transition from a reaction-limited regime to a thermodynamic
regime in CVD and to loss of uniformity and homogeneity in ALD.

Introduction

The concept of nanostructured heterojunctions has been
applied in dye-sensitized solar cells,1 in solid-state solar
cells,2-5 and in so-called extremely thin absorber (ETA) solar
cells.6-8 The enhanced surface area in these heterojunctions
ensures optimal light absorption close to the active p-n
junction area, which allows a significant reduction of the
minority carrier diffusion length. In most cases, optically
transparent anatase TiO2 is used as a nanostructured n-type
semiconductor. Cu2S (chalcocite), with a band gap of 1.2
eV9 and an absorption coefficient of 105 cm-1 at 750 nm,10

could be an interesting absorber and p-type conductor.
Reynolds and co-workers have reported solar energy conver-
sion in a CdS/Cu2S system as early as 1954.11 CdS/Cu2S
solar cells have been prepared with energy conversion
efficiencies up to 5%,12 but poor stability of the cell has led
to a strong decrease in attention in the late 1980s. CuxS is

known to have five stable phases at room temperature,
ranging from the Cu-rich Cu2S to the Cu-poor CuS phase.13

Besides Cu2S, also Cu1.96S (djurleite) and Cu1.8S (digenite)
exhibit photovoltaic activity, even though the electrical
conductivities and the indirect band gaps increase for the
Cu-poor phases.9

A variety of gas-phase techniquies have been applied to
deposit Cu2S thin films, such as single-source evaporation14-16

and (reactive) sputtering.17,18 Chemical vapor deposition
(CVD) has also been employed, but no single-phase films
could be obtained.19,20 Besides CVD, these techniques are
so-called line-of-sight techniques and are not suitable for the
deposition of Cu2S films on highly structured and porous
substrates. CVD and atomic layer deposition (ALD) can yield
conformal thin films. In CVD, gaseous precursors are fed
into the reactor chamber simultaneously, while in ALD, the
reactants are applied sequentially. Advantages of these
techniques, besides a conformal deposition, are excellent
control over the film thickness and high purity of the
deposited films. ALD and CVD are both used for the
deposition of, e.g., oxide semiconductors,21,22 superconduc-
tors,23,24 and electroluminescent materials.25,26
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Elsewhere, we have reported the ALD of CuxS, using
copper bis-tetramethylheptanedionate, Cu(thd)2, and H2S as
the precursors.27 Here, we describe the CVD of CuxS using
the same precursors. It appears that the decomposition of
Cu(thd)2 governs the deposition mechanism in both cases.
By comparison of ALD and CVD, detailed information on
the surface chemistry is obtained.

Experimental Aspects

CuxS films are deposited using home-built CVD and ALD
reactors. In both cases, Cu(thd)2 (Strem Chemicals) is evaporated
in a quartz boat inside the reactor at 117°C. H2S (4.8 Hoekloos)
is used as the sulfur source in both processes, while H2 (4.8
Hoekloos) is used as the carrier and bulk gas in the CVD of CuxS
and N2 (4.8 Hoekloos) acts as carrier, bulk, and valving gas in the
ALD of CuxS.

In CVD, CuxS films are deposited at temperatures between 125
and 505°C. The partial pressures of Cu(thd)2 and H2S are 2 and
0.24 mbar, respectively, while the total pressure is kept constant at
25 mbar. In ALD, the deposition temperature varies between 125
and 280°C. The precursors are applied sequentially into the reactor.
First a Cu(thd)2 pulse of typically 2.5 s is applied, followed by a
1.5-s N2 purge. Subsequently a 1-s H2S pulse is applied, again
followed by a 1.5-s N2 purge. Thus, one cycle takes typically 6.5
s. The reactor pressure is kept constant at 2 mbar.

Films are deposited on glass microscope slides (Menzel-Glaser)
and Corning 7059 glass substrates, which are cleaned ultrasonically
in 1:1:1 ethanol, methanol, and propanol, and subsequently rinsed
in distilled water and dried under a N2 flow. The film thickness of
the deposited CuxS films is measured using a surface texture profiler
(Dektak 3030ST). The morphology of the CVD films has been
determined using a scanning electron microscope (JEOL JSM-
5800LV), while the morphology of the ALD films has been
determined using an atomic force microscope (Digital Instruments
nanoscope III). Grazing incidence X-ray diffraction (GI-XRD)
measurements (Bruker D8 Advance Diffractometer) have been
carried out to identify and characterize the crystalline phases.

Results

Smooth and well-adhering CuxS films can be deposited
using Cu(thd)2 and H2S in both CVD and ALD. The most
striking difference between the ALD and CVD processes is
that in CVD the presence of H2 is necessary for growth to
occur, while this is not the case in ALD. The reason for this
has been explained elsewhere33 and will be summarized
below. We will focus here on the CVD of CuxS and repeat

relevant details of the ALD process. Subsequently the CVD
and ALD processes will be compared and a general
decomposition mechanism for Cu(thd)2 is proposed, which
explains all major features of both the CVD and the ALD
process.

Crystalline Phases.In CVD and in ALD, the crystalline
phase depends on the deposition temperature. In both cases,
CuS forms at low temperatures. In ALD, a well-defined
phase transition from CuS to Cu1.8S is observed at 175°C,
as is shown in Figure 1. Smooth single-phase Cu1.8S films
are obtained between 175 and 280°C, above which the films
lose their uniformity and smoothness.

In CVD no sharp phase transitions occur and roughly five
different regimes can be distinguished (see Figure 2 and
Table 1). Single-phase CuS is grown up to 227°C. Above
this temperature Cu1.8S appears in the films. The Cu1.8S
fraction increases with increasing temperature, and at 284
°C, single-phase Cu1.8S is formed. Increasing the temperature
above 314°C yields the formation of fractions of Cu1.96S
and Cu2S in the films.

Growth Rate. Figure 3 shows the growth rate per cycle
as a function of temperature for ALD-grown films. Remark-
ably, the growth rate drops rapidly from 0.4 to 0.2 Å/cycle
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Figure 1. XRD patterns of two ALD grown films. (A) CuS film grown at
150 °C and (B) Cu1.8S film grown at 200°C.

Figure 2. XRD patterns of CVD grown films: Co-CuS (covelitte),
D-Cu1.8S (digenite), Dj-Cu1.96S (djurleite), Ch-Cu2S (chalcocite).
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at 190°C, corresponding to the temperature at which the
deposited phase shifts from CuS to Cu1.8S. We argued
elsewhere27 that this difference in growth rate of CuS and
Cu1.8S is due the fact that only one monolayer of Cu(thd)2

adsorbs per cycle, while Cu1.8S contains almost twice as
much copper per unit cell than CuS. The ALD process is
not self-limiting at temperatures above 175°C27 due to the
decomposition of Cu(thd)2, but the growth rate does not
increase with the deposition temperature up to about 240
°C. This indicates that up to this temperature decomposition
of Cu(thd)2 takes place after adsorption at the surface and
that decomposition in the gas phase does not occur.

For CVD films the growth rate as function of temperature
and axial flow axis at a Cu(thd)2 partial pressure of 2 mbar
and a H2S partial pressure of 0.24 mbar is shown in Figure
4. It is evident that a pronounced deposition profile is present
along the flow axis, which increases with increasing tem-
perature. At temperatures higher than 250°C the films
become too rough for an accurate determination of the

growth rate, but the same general deposition profile is
present. At these higher temperatures the onset of the
deposition shifts toward the entrance of the reactor and the
deposition profile becomes less pronounced. It is shown
elsewhere33 that this deposition profile is largely independent
of the Cu(thd)2 concentration in the reactor, indicating that
depletion of Cu(thd)2 does not occur and that the deposition
profile becomes more pronounced when Hthd, a product of
the reaction between Cu(thd)2 and H2S, is added to the
reactor. Because of this profile, the activation energy for the
deposition reaction cannot be obtained.

Morphology. CuxS films deposited by ALD are smooth
and uniform. The local thickness varies around 9% over the
5 × 5 cm2 substrate in the roughest films. Figure 5 shows
an atomic force microscopy (AFM) image of a 30 nm thick
Cu1.8S film grown at 200°C. The film consists of 100 nm
wide grains that grow perpendicular to the substrate surface.
The morphology and size of the grains are independent of
the deposition parameters.

In contrast, the morphology of CVD films depends
strongly on the deposition temperature. Between 125 and
280°C, well-adhering films with a fine-grained structure are
deposited. Films are smooth, but the surface roughness is
significantly higher than that of ALD films. The size of the
grains increases with increasing temperature from an average
of 0.36µm at 175°C to an average of 1.15µm at 248°C.
Increasing the deposition temperature beyond 250°C results
in the deposition of rough films with different grain sizes
randomly distributed across the surface (see Figure 6).

Discussion

Several remarkable features of the ALD and CVD
processes and differences between them are observed, i.e.,
the CuS to Cu1.8S phase transition is sharp in ALD and
gradual in CVD with a 52°C higher onset temperature. A
pronounced deposition profile is present in CVD, while this
profile is absent in ALD up to 280°C. The morphology in
CVD depends on the temperature, while this is not the case
in ALD. All these features can be explained by the thermal
decomposition of Cu(thd)2, as will be discussed below. The
thermal decomposition of Cu(thd)2 in inert gas has been
discussed previously27 and the main conclusions of that

Figure 3. Growth rate per cycle as a function of temperature for ALD-
grown CuxS films. The vertical bars correspond to the measured standard
deviation.

Figure 4. Growth rate as a function of temperature and axial flow axis for
CVD-grown CuxS films.

Table 1. Dependence of the Crystalline Phases on the Deposition
Temperature

temperature crystalline phase name

125-227°C CuS covellite
227-284°C CuS, Cu1.8S covellite, digenite
284-340°C Cu1.8S digenite
340-460°C Cu1.8S, Cu1.96S digenite, djurleite
460-505°C Cu1.8S, Cu1.96S, Cu2S digenite, djurleite, chalcocite

Figure 5. Surface morphology of an ALD-grown Cu1.8S film deposited at
200 °C as determined by AFM.
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discussion are summarized here. Two different onset tem-
peratures for the decomposition of Cu(thd)2 are reported in
the literature: Hanaoka et al.28 and Turgambaeva et al.29

report a decomposition temperature around the boiling point
of Cu(thd)2, i.e., (315 °C, while Tobaly et al.,30 supported
by differential scanning calorimetry experiments performed
in our laboratory,27 arrive at a decomposition temperature
in the range of 160-175 °C. Mårtenson et al.31 argued that
the decomposition of Cu(thd)2 starts at 175°C but is slow
up to 300°C. Our experiments in both the ALD and the
CVD process agree with this conclusion. The decomposition
of Cu(thd)2 starts with the internal reduction of Cu2+ to Cu1+

followed by the release of a thd ligand or parts thereof. If
no further reactants are present, the decomposition of Cu-
(thd)2 leads to the deposition of copper oxide.

The CuS to Cu1.8S Phase Transition. A remarkable
difference between ALD and CVD is the onset of the CuS
to Cu1.8S phase transition. The reduction of Cu2+ to Cu1+

upon decomposition of Cu(thd)2 at 175°C is responsible for
the phase transition in ALD. Although the reduction of
copper is, logically, also responsible for the phase transition
in CVD, the temperature at which this occurs is much higher,
227 °C, and the transition is less sharp. The presence of
hydrogen as carrier and bulk gas in CVD and not in ALD
could lead to a different decomposition temperature of Cu-
(thd)2 and, thus, to a different phase transition temperature.

Turgambaeva et al.32 studied the decomposition of a large
number ofâ-diketonates. They found that for metal acetyl-
acetonates the onset temperature of the decomposition
increases in a H2 atmosphere as opposed to an inert gas
atmosphere. For otherâ-diketonates, the onset temperature
of the decomposition remains approximately the same, or is
slightly lower in a H2 ambient. The decomposition of M(thd)n

in H2 is only studied for Ni(thd)2, where the onset of the
decomposition temperature decreases about 120°C compared
to the decomposition in an inert atmosphere. To investigate
the influence of H2 on the Cu(thd)2 decomposition behavior,
an ALD experiment has been performed at 200°C in which
H2 is added to the gas stream. No difference between the
Cu1.8S films deposited with and without additional H2 is
observed. Accordingly, the addition of H2 in CVD cannot
explain the increase in the transition temperature from CuS
to Cu1.8S compared to ALD.

At temperatures above 175°C, the decomposition of Cu-
(thd)2 leads to loss of self-limitation in ALD, but because
Cu(thd)2 decomposition is slow below 280°C, smooth and
homogeneous films can still be obtained up to this temper-
ature.27 Since Cu(thd)2 is supplied first in ALD, the decom-
position of Cu(thd)2 above 175°C occurs during this pulse
and the subsequent N2 purge. As discussed above, Cu(thd)2

decomposes after adsorption at the surface. The decomposi-
tion is then followed by the reaction to Cu1.8S during the
H2S pulse. Cu(thd)2 has several seconds to decompose, and
the phase transition is sharp. In CVD both Cu(thd)2 and H2S
are present in the gas phase, and the decomposition of Cu-
(thd)2 and its reaction with H2S compete. At temperatures
between 175 and 227°C, the decomposition of Cu(thd)2 is
slow compared to the reaction between Cu(thd)2 and H2S,
and all Cu(thd)2 reacts with H2S to CuS before decomposition
occurs. When the temperature is raised, the rate of the Cu-
(thd)2 decomposition increases stronger than the rate of the
reaction between Cu(thd)2 and H2S, leading to a film
consisting of both CuS and Cu1.8S, in which the Cu1.8S
content increases with increasing temperature. At 384°C,
all Cu(thd)2 has decomposed before the reaction with H2S
occurs, leading to the deposition of single-phase Cu1.8S. At
even higher temperatures, Cu1.96S and Cu2S appear in the
CVD films. Because self-limitation in ALD is completely
lost at these temperatures, a comparison between CVD and
ALD is then meaningless.

The Deposition Profile. The origin of the deposition
profile in CVD is discussed in detail elsewhere.33 There, it
is shown that the profile can be explained by surface
contamination of the reaction product Hthd, which adsorbs
at the surface and blocks active surface sites. Hthd can only
be removed from the surface by H2, explaining the necessity
of H2 in the CVD of CuxS. Because Hthd is produced in the
reaction and Cu(thd)2 is consumed, the Hthd/Cu(thd)2 ratio
increases along the flow axis, which limits the growth further
downstream and gives rise to a deposition profile. The
increasing growth rate with increasing temperature at the
entrance of the reactor (Figure 3) ensures that increasing
amounts of Hthd are produced and that the profile becomes
more pronounced.

Figure 6. Surface morphology of a smooth CVD-grown CuS/Cu1.8S film
deposited at 248°C (a) and of a rough CuxS film deposited at 505°C (b)
as determined by scanning electron microscopy.
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In ALD the presence of H2 is not necessary, since the
precursors are supplied sequentially. Because Hthd is pro-
duced during the reaction between Cu(thd)2 and H2S, it is
not present in the reactor chamber during the Cu(thd)2 pulse
and does not adsorb competitively. Furthermore, when Hthd
is released during the H2S pulse, all active sites are occupied
by Cu(thd)2 and Hthd cannot adsorb.

From the presence of the deposition profile in CVD and
its absence in ALD, it can be concluded that Cu(thd)2 must
adsorb without decomposition. If Cu(thd)2 would decompose
upon adsorption, Hthd would be released and adsorb at the
surface and a deposition profile would also be present in
ALD.

Morphology. The more pronounced roughness of CVD
films compared to that of ALD films is not surprising. The
alternating precursor supply in ALD ensures that only self-
limiting surface reactions occur and layer-by-layer growth
is achieved, giving rise to an excellent uniformity and to a
low surface roughness.34

In CVD, all precursors are present in the gas phase and
smooth films can only be obtained under special circum-
stances such as a low pressure and temperature, i.e., reaction
rate limitation. Because a deposition profile is present,
Arrhenius plots cannot be presented. Yet, conclusions about
the CVD regime present can still be drawn. The percentage
of molecules of Cu(thd)2 that participates in the CVD reaction
can be roughly estimated from the growth rate (taking the
deposition profile into account), the area of the reactor
covered with CuxS film, the density of the film, the flow of
Cu(thd)2, etc. From this it follows that at 175°C only 0.077%
of Cu(thd)2 molecules participates in the CVD growth. The
supersaturation of Cu(thd)2, in combination with the small
growth rate (3 nm/min), suggests a relatively fast diffusion
of reactants compared to the growth rate leading to a surface
reaction controlled regime. Furthermore, numerical simula-
tions33 show that the Cu(thd)2 concentration is constant
throughout the reactor, which again indicates that diffusion
is fast compared to the surface reaction. The transition from
well-adhering and smooth films to rough and nonuniform
films at about 250°C indicates the transition from a surface
reaction controlled regime to a thermodynamic regime. The
transition temperature of 250°C corresponds closely to the

temperature at which smooth deposition is lost in ALD, i.e.,
280 °C. We conclude that the decomposition of Cu(thd)2

becomes favorable in the gas phase between 250 and 280
°C. This leads to a thermodynamic growth regime in CVD,
in which the Cu(thd)2 decomposes in the gas phase and its
decomposition products react rapidly with H2S leading to
rough nonuniform films. Apart from the rough morphology,
also the decreasing deposition profile at temperatures above
250 °C can be explained. Competitive adsorption between
Cu(thd)2 (or its decomposed parts) and Hthd still occurs, but
the reaction between Cu(thd)2 and H2S now also takes place
in the gas phase.

In ALD the decomposition of Cu(thd)2 in the gas phase
at temperatures over 280°C leads to continuous growth,
because the decomposition products of the Cu(thd)2 do not
adsorb self-limiting at the substrate surface. Because of the
decomposition of Cu(thd)2, a substantial Hthd concentration
is now present in the gas phase during the Cu(thd)2 pulse,
leading to competitive adsorption of Hthd and Cu(thd)2 or
its decomposition products. Both mechanisms result in the
loss of smooth film growth.

Conclusions

Thin films of CuxS can be grown by both CVD and ALD
using Cu(thd)2 and H2S as the precursors. Comparison of
the CVD process with the ALD process leads to a better
understanding of the reaction mechanisms in both processes,
as well as a better understanding of the Cu(thd)2 decomposi-
tion activation. All major features of the CVD and ALD
processes can be explained by the thermal decomposition
of Cu(thd)2. In both cases Cu(thd)2 adsorbs at the surface
without decomposition for temperatures below 175°C and
reacts subsequently with H2S. At 175°C, the onset of the
Cu(thd)2 decomposition leads to a phase transition from CuS
to Cu1.8S in ALD. The same phase transition in CVD is
determined by the decomposition rate of Cu(thd)2 in com-
petition with the rate of the reaction between Cu(thd)2 and
H2S. At temperatures beyond 250°C homogeneous decom-
position of Cu(thd)2 becomes favorable, which leads to a
transition from a reaction limited regime to a thermodynamic
regime in CVD and loss of film uniformity and homogeneity
in ALD.
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