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S U M M A R Y

In many semiconductors, metastable polytype phases are attractive to tune physical properties. Owing to a non- 
centrosymmetric structure, ZnS with a wurtzite (WZ) phase would exhibit additional piezoelectric properties, 
optical non-linearity as well as Rashba effect. Because bulk single crystalline ZnS-WZ is not commercially 
available in useful sizes and attractive prices, large area thin films with controlled crystalline phase are required. 
We report the synthesis of ZnS films deposited on m-plane CdS substrates as a proof of concept of the replication 
of the WZ stacking on non-polar surfaces. First, a chemical mechanical polishing is required for the substrate 
preparation. ZnS layers are subsequently grown using metal organic chemical vapor deposition. The results show 
a strong impact of the growth temperature on the CdS substrate surface that is highly detrimental on the crys-
talline quality of the layer. However, the m-plane ZnS layers grown at 360 ◦C have WZ structure with a perfect 
epitaxial orientation relationship with the CdS-WZ substrate. The hexagonality in ZnS-WZ is about 90 %. Strain 
relaxation occurs through the formation of misfit dislocations at the interface forming basal and prismatic 
stacking faults on {11–20} planes. Additional pyramidal planar defects are evidenced. With the optimisation of a 
buffer layer or a more suitable substrate, this ZnS-WZ layers may find various applications not limited to optics 
such as piezoelectricity or spintronics. Additionally, they may be used as a platform for the growth of other 
materials with the envisioned WZ structure.

1. Introduction

Zinc sulfide (ZnS), a versatile compound, finds applications in 
various fields of optics and optoelectronics. To give an emblematic 
example, ZnS is the old luminescent material employed for decades in 
cathode-ray tubes. Sintered ceramics of ZnS are also largely used as 
transmitting optical components in thermal imaging, owing to the high 
transmission in the visible and mid-infrared range from 0.4 to 14 µm. For 
such applications, polycrystalline ZnS are currently commercially 
available and are synthesized through different methods, including 
precipitation, solvothermal and chemical vapor deposition (CVD) pro-
cesses, with adequate control of impurities (see for instance reviews in 
[1,2]). The grain size is sensitive to the process temperature and any 
possible annealing. Also, the as-grown polycrystalline CVD ZnS has to be 
further processed by hot isostatic pressing to get acceptable IR 

transmission properties. Because absorption and scattering are highly 
sensitive to defects and grain boundaries, single crystals of ZnS often 
exhibit superior optical and electronic properties compared to poly-
crystalline forms, making them desirable for other applications such as 
phosphor materials, UV-detectors and electroluminescent diodes.

Yet, ZnS has a higher tendency to disordered stacking and polytyp-
ism compared to CdS. 194 polytypes are referenced for ZnS [1,3,4]. 
Some polytypes can be stabilized by the presence of vacancies or im-
purities [5]. Natural crystals with a pure crystal phase can be found but 
they are always highly contaminated with Mn or Fe that is a lumines-
cence killer. Among the various polytypes, zinc blende (ZB) and wurtzite 
(WZ) are the two thermodynamically metastable phases [6–8]. The 
stability of both phases is primarily dependent on the temperature [8,9]. 
The synthesis at low temperature favours ZB structure and the transition 
temperature is above 1020 ◦C [10–13].
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Bulk ZnS are commonly synthesized using the Bridgman method at 
high pressure. Melt-grown ZnS are initially WZ at high temperature but 
transform very quickly in ZB with a significant defect density and a large 
amount of impurities. The WZ structure can however be stabilized with 
some dopants (Al, Cu, Mn) by rapid quenching [12] although having a 
large fraction of stacking faults or even a mixture of cubic and polytypes. 
Crystallization from vapor has advantages over melt growth to be car-
ried out at lower temperatures. ZnS-ZB crystals have been grown by 
chemical vapor transport using HCl, NH4Cl or I2 for transport but highly 
doped with iodine in the latter case [14,15]. Physical vapor transport 
(sublimation followed by condensation) showed to favour the formation 
of WZ structure but the size of pure crystal phase is very small. Whatever 
the synthesis method and conditions, it is very difficult to obtain 
chemically pure ZnS single crystal with a controlled crystal phase [3].

For many applications a chemically pure and single crystal phase is 
desirable. Controlling the polytype stacking is an efficient way to modify 
physical properties of materials. In particular, ZnS-WZ has a slightly 
larger band gap value than those of ZnS-ZB (respectively 3.91 eV and 
3.61 eV). Belonging to the non-centrosymmetric P63/mmc space group, 
the wurtzite structure is anisotropic. Consequently, ZnS-WZ may present 
additional exiting properties such as piezoelectric effect, optical non- 
linearity and Rashba effect which should be enhanced in thin films or 
nanostructures.

Because bulk ZnS-WZ is not available with good quality and low 
impurity, epitaxy of thin films is of particular interest to promote the 
growth of this polytype. Extensive efforts have been focused on 
improving the quality of epitaxial films of ZnS by vapor phase epitaxy 
(VPE) including metal organic chemical vapor deposition (MOCVD) 
[16–25] and molecular beam epitaxy (MBE) [26–34], as well as by 
atomic layer epitaxy (ALE) [35,36] and pulsed laser deposition [37,38]. 
Most of the reported growth were done on GaAs, GaP and Si substrates 
with which ZnS is fairly lattice matched (lattice mismatch is respectively 
of 4 %, 0.7 % and 0.2 %). However, the synthesis of high quality of 
epitaxial ZnS thin films with the desired WZ phase has never been 
achieved in a controlled way since the lowest energy stable phase is the 
ZB structure. To control the growth of metastable polytype, the choice of 
the substrate orientation is determinant. For instance, the growth of GaN 
on (001)-oriented substrates (either GaAs or SiC) favours the metastable 
ZB structure in defiance to the lowest energy WZ phase and in agreement 
with the minimum lattice mismatch criterion [39,40]. Our approach is 
to use a hexagonal template with non-basal surface orientations to force 
the arrangement of atoms to be replicated. Very few attempts were made 
to grow ZnS on non-polar hexagonal substrates. Only, two papers 
mentioned without any details the growth on a-plane sapphire sub-
strates [24,41]. Despite a lattice mismatch over 20 %, the results proved 
the possible epitaxial growth of the WZ structure at low temperature 
with a specific orientation relationship with the substrate although the 
film consists of a mixture of WZ and twinned ZB. More recently, Okita 
et al. [42] reported the growth of a (1–100) ZnS-WZ layer epitaxially 
oriented on a m-plane (1–100) ZnO buffer deposited on (1–100) sap-
phire substrate. The intermediate ZnO layer aimed at reducing the lat-
tice mismatch between the ZnS layer and the sapphire substrate, 
providing beneficial advantage for the epitaxy. However, the growth of 
ZnO on m-plane likely causes some stacking faults on the (0001) planes 
that may expand in the ZnS layer. On a completely relaxed ZnO buffer, 
the lattice mismatch of ZnS on m-plane is of 18 % along a-axis and 20 % 
along c-axis, still introducing high in-plane compression stress in the 
layer. Our present purpose is to use a substrate with lower lattice 
mismatch to demonstrate the feasibility of epitaxial growth of the 
metastable ZnS-WZ on m-plane surfaces. Contrarily to ZnS, the WZ 
structure is the lowest energy phase for CdS [7] with higher stacking 
fault energy and it is commercially available as a synthetic single crystal 
with m-plane surface. On CdS-WZ, ZnS is expected to be of 7.63 % and 
6.83 % in tension along a and c axis respectively [43,44]. Additionally, 
from calculations reported in literature, it is considered that the surface 
energy of ZnS m-plane is slightly lower than that of CdS m-plane, with 

respectively, 0.51 J/m2 and 0.6 J/m2. This leads us to assume a 
Stranski-Krastanov growth [45,46].

Here, we use metal organic chemical vapor deposition (MOCVD) 
process to grow ZnS on a m-plane CdS substrate. This process at medium 
temperature allows epitaxy over large areas and gives advantage of high 
chemical purity and control of intentional doping. We set up a chemico- 
mechanical procedure for surface preparation of the CdS surface prior to 
MOCVD growth. We evidence the detrimental impact of temperature on 
the interface and we report epitaxy of single crystal layer of ZnS-WZ on 
m-plane CdS-WZ.

2. Material and methods

CdS-WZ substrates with the m-plane surfaces were obtained from 
Biotain and Surfacenet companies. The supplied substrates do not have 
intended off-cut angle.

ZnS thin films are grown in a vertical MOCVD reactor operating at 
atmospheric pressure. The MOCVD equipment and the growth regimes 
of ZnS-ZB on (001)-GaAs has been described in [47]. The reactor walls, 
made of quartz, are water cooled at 20 ◦C to limit the parasitic reactions 
on hot surfaces. The substrate holder, including a thermocouple posi-
tioned inside, is made of SiC-coated graphite and can be heated up to 
1000 ◦C by RF induction. High purity diethylzinc (DEZn) and diter-
tiarybutylsulfide (DTBS), stored in stainless steel bubblers, are used as 
the zinc and sulfur metalorganic sources. Their thermal decompositions 
are suitable for growth at low temperatures starting from approximately 
300 ◦C [48–50]. Inside the bubbler, when maintained at 17 ◦C, the vapor 
pressure is estimated to be 1356 Pa and 518 Pa for DEZn and DTBS, 
respectively. Hydrogen is the carrier gas.

In the present work, to favour the layer-by-layer growth mode on the 
m-plane CdS-WZ, the growth was carried in sulfur-rich conditions with a 
VI/II ratio of RS/Zn = 2 using very low precursor partial pressures and 
hence low growth rates. Before introducing the metalorganic flows into 
the reactor, the substrate was heated to the growth temperature under 
hydrogen with DTBS supply (corresponding to a partial pressure of 8 
Pa), with temperature ramp of 1 ◦C/s. The sulfur atmosphere is believed 
to reduce vaporization of CdS surface and avoid its degradation [51].

ZnS layers were first deposited at 520 ◦C to favour the mass transport 
regime and enhance surface diffusion. However, anisotropic substrate 
desorption and interdiffusion was observed, as described in the result 
section, and consequently the growth temperature was reduced to 360 
◦C. Details of the growth conditions are summarized in the Table 1.

X-ray photoelectron spectroscopy (XPS) measurements were carried 
out in a XPS ScientaOmicron equipped with a non-monochromatized Alα 
source. The pressure in the analysis chamber is below 9.33 × 10–7 Pa. 
The High-Resolution X-ray Photoelectron Spectroscopy (HR-XPS) 
spectra were acquired with a pass energy of 20 eV with an energy step 
size of 0.05 eV. The peak fitting was performed using Casa XPS software 
with a relative sensitivity factor given in the software database. Relative 
atomic concentrations were determined by analyzing the intensities of 
major photoelectron spectral lines (integrated peak areas) following the 
subtraction of a Tougaard background. The binding energies were 
calibrated by taking carbon C1s peak (284.8 eV) as a reference.

Atomic force microscopy (AFM) data were acquired under ambient 
conditions using a BRUKER Icon AFM operating in tapping mode with 
Veeco Silicon tip. The roughness values were assessed by standard RMS 
(Root Mean Square) measurements.

Cross-section lamellae prepared with Focused ion beam (FIB) were 
observed by scanning transmission electron microscopy (STEM) using a 
FEI ThermoFisher/STEM Titan Themis 200 equipped with an extreme- 
brightness field emission gun (X-FEG) operating at 200 keV. This in-
strument offers a range of characterization tools such as energy disper-
sive spectroscopy (EDS), bright field and high angle annular dark field 
(HAADF) STEM detectors.

X-ray diffraction (XRD) measurements were performed using an 
XPERT PRO MRD Panalytical diffractometer with a Bartels Ge 220 
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monochromator under ambient conditions, utilizing a copper Kα radi-
ation (λ = 1.5406 Å). The XRD scan was conducted in a parallel beam 
mode with a beam size of 5 mm x 2 mm, following a rocking curve path. 
The time per scan was approximately 50 min with a step size of 1 s, and 
the alignment was performed on the CdS substrate.

3. Results and discussion

3.1. Surface preparation of CdS substrates

The structural quality of an epitaxial layer primarily relies on an 
ideal smooth and perfectly clean substrate surface. Thus, the first chal-
lenge is to set an efficient and reliable substrate to get rid of any 
roughness or surface contaminant that may cause the formation of de-
fects at the interface. The as received m-plane CdS-WZ substrates were 
cleaned with acetone and ethanol. The measured root mean square was 
about 0.45 nm ± 0.2 nm. XPS analyses are displayed in Fig. 1. The 
measurements on as received samples highlight the presence of oxygen 
and carbon in addition to the cadmium and sulfur elements of the sub-
strate. Traces of Cl contamination were also found on the surface most 
likely brought by the polishing performed by the supplier. The O1 s peak 
profile (Fig. 1a) can be decomposed into three components located at 
529.6 eV, 531.7 eV and 533.4 eV corresponding respectively to the 
O–Cd bond, the indissociable Cd—OH/C–O—H, O–C—O, C = O 
bonds and a pure organic O–C = O bond [52–54]. The C 1s spectrum 
(Fig. 1b) confirms the presence of organic contamination, according to 
its deconvolution into 4 component peaks: the component peak at 288.4 
eV can be assigned to purely organic bonds C = O and O–C-O, the 
component peak at 285.9 eV is assigned to the C–OH bond, the 
component peak at 284.8 eV is assigned to C sp2/sp3 and finally the 
component peak at lower energy 282.3 eV corresponds to the C–Cd 
links with low intensity.

For the Cd (Fig. 1c), the 3d core-level spectrum decomposition 
showed the presence of the characteristic doublet with the 3d5/2 at 
405.1 eV and the 3d3/2 at 411.8 eV corresponding at Cd—S bonds. An 
additional doublet was found at a lower binding energy (3d5/2 at 404.8 
eV and 3d3/2 at 411.5 eV), which is related to Cd—Cd and/or Cd—O 
bonds. A third doublet at higher energy (3d5/2 at 406.4 eV) correspond 
at a bonding with the Cl contamination. The S 2p spectrum, displayed in 
Fig. A1 in appendix A, does not evidence sulfur-oxygen bonds; S is only 
linked to Cd (S 2p3/2 at 161.4 eV and S 2p1/2 at 162.5 eV as in ref [55,
56]). It is also important to note that the surface is sulphur deficient 
compared to Cd (see quantification in Fig. 1d).

For many substrates, thermally stimulated desorption may be 
applied to desorb the O and C contaminants. However, II-VI compounds 
are known to dissociate and evaporate above 470 ◦C under vacuum [57]. 
The vaporization of CdS is known to be congruent by desorption of S2 
and Cd atoms. The vaporization rate of CdS single crystal is higher on 
m-plane compared to c-plane [58] and it was reported that the non-polar 
surfaces of CdS are not stable under vaporization [59,60]. Babasian and 

Givargizov [51,61] described the formation of “negative whiskers” by 
evaporation of ZnS and CdS under hydrogen accounted for a kinetic 
regime of evaporation at low temperature (<830 ◦C). The negative 
whiskers were formed on the metal-terminated polar c-plane and can be 
enhanced by the presence of metal liquid layer such as gold. They had a 
hexagonal shape with six large spikes and additional numerous narrow 
grooves characteristic of CdS (see Fig. 5 in ref [61]). This effect was 
ascribed to a solid-liquid-vapor mechanism related to a catalytic effect of 
vaporization.

In this study, thermal desorption has been carried out on as-received 
m-plane CdS subtrates, under ultra-high vacuum as well as under at-
mospheric pressure with H2+DTBS flow. The desorption under DTBS 
was achieved during 10 min at 520 ◦C. It appears that the roughness of 
the surface was degraded. After annealing under DTBS, the RMS is 3 
times higher of 1.78 ± 0.2 nm. More importantly, we observe the for-
mation of a large density of thin and deep vertical grooves elongated 
along the c-axis (Fig. 2 and Fig. A4 in appendix) leading to a highly 
damaged surface unsuitable for further epitaxy at high temperature. 
Lowering the annealing temperature would help in reducing the surface 
damaging, however XPS in-situ analyses performed after thermal 
annealing under vacuum reveal only partial surface deoxidation at 400 
◦C and 500 ◦C and a larger deficiency in sulfur (Fig. 1d). Carbon is still 
present but may also increase during annealing in our chamber due to 
cross contamination.

Thus, for deoxidation and decontamination, thermal annealing was 
replaced by a chemical mechanical polishing (CMP) using a final step 
with a diluted bromine methanol (Br2− MeOH) solution. Alcoholic 
bromine is the most widely used chemical etchant of II-VI compounds 
[62] although the polished surface of CdS was shown less smooth than 
for ZnS and CdSe [63]. Typically, a classical etching of CdS produces an 
“orange peel texture” on the surface depending on bromine concentra-
tion. To avoid this, we performed a final polishing with a soft polishing 
cloth and a highly diluted solution of bromine-methanol with a con-
centration of 0.01 %. After this CMP process, the XPS survey spectrum 
reveals the disappearance of the Cl contamination but the presence of Br 
contamination at about 1.5 at.% evidenced by the presence of the 
doublet Br 3p3/2 and Br 3p1/2 (see Appendix Fig. A2). In Fig. 1c, the 
deconvolution of the peak Cd 3d5/2 reveals an additional peak at 406.1 
eV characteristic of the Cd—Br bonds [64]. Given the highly volatile 
nature of bromine, annealing at low temperature enables to get rid of 
bromine without damaging the surface quality. HR-XPS Cd 3d5/2 spec-
trum obtained after CMP and successive annealing at 350 ◦C during 20 
min under ultra-high vacuum has therefore a unique component at 
405.1 eV corresponding to Cd—S binding alone. In addition, the CMP 
remarkably removes the O–Cd bonds (with the disappearance of the 
peak at 529.6 eV (Fig. 1a)) and C–Cd (with the disappearance of the 
peak at 282.3 eV (Fig. 1b)) present on the surface of a substrate as 
received.

The histogram in Fig. 1d summaries the HR-XPS quantifications 
obtained on an as-received sample and after the successive surface 

Table 1 
Growth parameters for the samples described in the paper.

Sample ref Tg PZn 

(Pa)
PS 

(Pa)
Duration 
(min)

Deposited thickness 
(nm)

Comments

S1 
(MV1175)

520 
◦C

4 8 30 220 ± 18 CdS annealing during 5 min at 580 ◦C under DTBS before introduction of DEZn

S2 
(MV1242)

360 
◦C

2 4 8 41.6 ± 2 Growth temperature of 360 ◦C reached in 5 min under DTBS flow, no annealing before 
introduction of DEZn

S3 
(MV1243)

360 
◦C

2 4 6 28.6 ± 1.5

S4 
(MV1244)

360 
◦C

2 4 4.5 19.4 ± 1.2

S5 
(MV1245)

360 
◦C

2 4 3 10 ± 0.9

S6 
(MV1332)

360 
◦C

7.82 15.96 30 545 ± 25
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Fig. 1. High-resolution XPS spectra of the O 1 s, C 1 s, and Cd 3d core level respectively in (a), (b), and (c), comparing an as-received CdS sample and the same 
sample after CMP polishing with Br:CH3OH and after annealing. The fittings were performed using Casa XPS software. (d) Chemical quantifications of CdS surface 
depending on the various surface treatments.
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preparation steps on the same sample. On as-received sample, the oxide 
and carbon contaminants are of about 9 and 18 at.% respectively. 
Although annealing at 400 ◦C or 500 ◦C under UHV during 15 min en-
ables a reduction of contaminants, a higher sulfur deficiency is noticed, 
which is assumed to be related to CdS vaporization and grooves for-
mation. The sequential process of CMP and annealing at 350 ◦C enables 
us to remove bromine (polishing contamination) and to significantly 
reduce oxygen to around 1 %. Although the carbon contamination is still 
at around 6 %, it was considered not detrimental for the growth, but this 
need to be improved in the future. Besides, we note a recovered stoi-
chiometry Cd/S after the overall process. And importantly, the thermal 
annealing at this low temperature does not create grooves on the sur-
face. According to AFM measurements, the surface after CMP followed 
by annealing at 350 ◦C showed no signs of groove formation and dis-
played a roughness similar to the untreated sample. All RMS measure-
ments after each process step are reported in Table 2 (additional 
information are reported in appendix in Fig. A3).

3.2. Deposited layer at 520 ◦C

Fig. 3a shows a top view scanning electron microscopy (SEM) 
micrograph of the ZnS layers grown at 520 ◦C (Table 1 - sample S1 220 
nm). The growth is planar but the layer exhibits a rough surface with 
triangular prismatic structures aligned along the c axis. Lamellae were 
cut with focused ion beam (FIB) for TEM observations along <0001>
and 〈11–20〉 zone axes (ZA). The 〈0001〉 ZA micrograph in Fig. 4a clearly 
reveals a sawtooth shape related to the prismatic structure observed in 
Fig. 3a. Nonetheless, the selective area diffraction pattern (SAED) shown 
in insert attest to the wurtzite crystal phase of the ZnS layer. The formed 
facets on the surface could not be indexed to any low-index plane of the 
hexagonal structure, neither a, m or r-plane.

In Fig. 3a, it is also shown the formation of very straight microcracks 
on a-planes. These microcracks are likely caused by stress relaxation 
either due to the difference in thermal expansion coefficients (TEC) 
between ZnS and CdS or excessive tensile stress in the ZnS film during 
cooling.

More importantly, cross sections in Fig. 4b and c clearly unveil a 
highly degraded CdS/ZnS interface. Along the 〈0001〉 ZA, large 

ellipsoidal cavities are observed with bright contrast using bright field 
imaging. These cavities appear as holes of about 10 nm long, below the 
interface. They correspond to the elongated grooves aligned along 
〈0001〉 (described in Fig. 2 and appendix Fig. A4). It is likely that during 
the temperature rise before growth at 520 ◦C, grooves were rapidly 
formed due to desorption and they were later buried rather than filled by 
ZnS leading to the observed cavities. Although the deposited ZnS layer is 
continuous, the grooves formed in CdS, at high temperature, may induce 
the formation of defects or even cubic segments as explained in Section 
4.

Along the 〈11–20〉 ZA, the cavities are visible with HAADF contrast 
as dark tunnels below the interface (Fig. 4d and e). The micrograph, in 
Fig. 4e shows also additional dark blurred contrasts perpendicular to the 
interface. This Z-contrast suggests an important chemical in-
homogeneity. EDS map in Fig. 4f evidences an important diffusion of Zn 
in CdS on more than 30 nm. The non-homogeneous distribution of Zn in 
the Cd could be also related to the formation of those cavities.

Although the deposited ZnS layer is continuous, the formation of 
grooves in CdS is detrimental for the crystal quality as will explained in 
Section 4 and in Fig. A5 from appendix A lower growth temperature was 
used to get rid of these grooves.

3.3. Deposited layer at 360 ◦C

At 360 ◦C, the microcracks are still present as well as the elongated 
prismatic structures although less prominent (see Fig. 3b of sample S2 
and additional Fig. A5). From SEM micrograph the roughness appears 
lower but it could be associated to a lower deposited thickness (41.6 nm) 
and a reduced growth time, although the temperature may have an 
impact. This results in a less defined faceting compared with sample S1.

Fig. 5 shows the TEM micrographs of samples grown at 360 ◦C along 
both 〈0001〉 and 〈11–20〉 ZA. Comparing Figs. 4 and 5, shows that the 
growth temperature highly impacts the stability of the substrate surface. 
Lowering the process temperature to 360 ◦C enables to avoid the cavity 
formation (Fig. 5d) and reduces the Zn diffusion in the CdS substrate, as 
shown in Fig. 5e. However, the STEM HAADF bright contrast on the 
micrographs in Fig. 5c and d gives hints of local enrichment in Cd which 
is likely associated to enhanced diffusion of Zn forming Zn enriched 
channels below the surface.

3.4. Structural characterisations of epitaxial ZnS-WZ layers

The layers grown at 360 ◦C were characterized by XRD ω− 2θ scans 
shown in Fig. 6. Besides the diffraction peaks from the CdS-WZ sub-
strate, the XRD patterns show three peaks attributed to {1–100} planes 
of ZnS-WZ (JPCDS, No 36–1450). This indicates the epitaxy of a 
monocrystalline ZnS-WZ thin film on CdS-WZ with a single out of plane 
orientation. Based on lattice spacing measured in XRD patterns, the a 
and c calculated lattice parameters are 3.797 Å and 6.216 Å respec-
tively, in good agreement with the reported values of 3.821 Å and 
6.257 Å [43], supporting a complete relaxation of the deposited wurtzite 
layer. The peak intensity related to ZnS-WZ increases with the film 
thickness. The full width at half maximum (FWHM) of the (1–100) 
reflection of ZnS-WZ is around 0.82◦ for all samples (see appendix 
Fig. A6), that should be compared to the FWHM of 0.063◦ for the 
CdS-WZ substrate.

In Figs. 4 and 5, SAED patterns on cross sections along [0001] and 
[11–20] ZA show a highly ordered layer ZnS-WZ layer on CdS-WZ with 
the orientation relationship [11–20]ZnS/ [11–20]CdS, (1–100)ZnS// 
(1–100)CdS and (0001)ZnS//(0001)CdS. With SAED, interplanar distance 
of ZnS (10–10) planes was measured at 3.31 Å and those of (11–20) 
planes at 1.91 Å.

In Fig. 7, the high-resolution HAADF STEM micrographs along the 
[11–20] ZA shows the ZnS/CdS interface and the alignment of basal 
planes. This specific ZA enables us to discriminate between the cubic and 
hexagonal stacking on the basal planes. In Fig. 7, basal stacking faults 

Fig. 2. SEM micrograph of the CdS m-plane surface showing the formation of 
elongated grooves after thermal desorption at 520 ◦C under DTBs atmosphere 
during 10 min The image was recorded on a 10◦tilted plan view.

Table 2 
Measured RMS after successive step of surface preparation process.

Sample RMS (Rq) (nm)

CdS as-received 0.46 ± 0.22 (S1)
After CMP 0.40 ± 0.07 (S1)
After annealing at 360 ◦C under UHV 0.377 ± 0.035
After annealing at 520 ◦C under UHV 0.863 ± 0.196
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Fig. 3. SEM micrographs exhibiting the surface morphology of the ZnS layer on CdS-2H substrate, grown at (a) 520 ◦C (sample S1), and (b) 360 ◦C (sample S2). 
Prismatic structures are aligned along the [0001] direction.

Fig. 4. Bright field (a, b and c) and HAADF (d and e) STEM micrographs associated with EDS mapping (f) of a cross-sectional ZnS layer grown on m-plane CdS at 520 
◦C. Micrographs are taken respectively along [0001] ZA (a-c) and [11–20] ZA (d-f). In a) and d) for enlarged views, the SAED patterns given in inset evidence the 
hexagonal 2H stacking of ZnS-WZ and the epitaxial orientation relationship with the CdS-WZ substrate. In b and c) bright field images along [0001] ZA show a 
zoom-in of the interface and exhibit the formation of large cavities below the CdS substrate. e) Shows a HAADF zoom-in of the interface along the perpendicular 
[11–20] ZA. The cavities, visible as dark elongated contrasts, ressemble tunnels along [0001]. In f) the EDS mapping associated to e) shows the diffusion of Zn.
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and ZB segments can be recognized in the ZnS-WZ layer. The hex-
agonality yield was evaluated on different micrographs. For the sample 
grown at 520 ◦C (Fig. 7a and b), the ZnS-WZ layer includes numerous ZB 
segments underlined by colored red areas with the (0001) basal hex-
agonal planes parallel to the (111) cubic planes. It looks like the ZB 
segments are more present in the areas where tunnels are presents 
(encircled dark contrasts). Thus, the cavities related to thermal 
desorption look detrimental for the crystal quality of the epilayer. 
However, it is difficult to unequivocally associate the presence of ZB 
segments to a specific cavity as the cubic and hexagonal stacking are not 
discriminated along the 〈0001〉 ZA. The hexagonality yield can be esti-
mated from these STEM micrographs by identifying the number of 
elementary cubic segments and calculating the length ratio of WZ zones 
with respect to the total analyzed length along the [0001] direction. 
From each image a hexagonality yield was extracted at the interface, 

resulting in an average of 75 % for the sample grown at 520 ◦C and 
around 91 % for samples grown at 360 ◦C. An uncertainty must be taken 
into account, which can be estimated to be approximately 2–3 %, 
depending on the quality of the image and our ability to identify the 
stacking. Indeed, the lowering of growth temperature enables to get rid 
of the formation of cavities and in turn improves the hexagonality yield 
in ZnS layers (Fig. 7). Besides, we note in Fig. 7b, that the hexagonality 
decreases with the increased thickness due to additional basal stacking 
faults (BSFs) nucleating randomly within the layer. This is not clearly 
understood and need to be further addressed.

Fig. 8 shows HAADF-STEM image and associated Fourier filtered 
image of line and planar defects formed in the ZnS-WZ layer of 545 nm 
thick from sample S6. The presence of extra half planes and associated 
edge dislocations originating at the ZnS/CdS interface, are evidenced by 
yellow symbols in the Fourier filtered image using a (0002) Bragg 

Fig. 5. Bright/dark-field field (a and b) and HAADF (c and e) STEM micrographs associated with EDS mapping (d) of a cross-sectional ZnS layer grown on m-plane 
CdS at 360 ◦C (samples S2 and S6). Micrographs are taken respectively along [0001] ZA (a-b) and [11–20] ZA (c-e). In a) and d) for enlarged views, the FFT or SAED 
patterns are given in inset and evidence the WZ stacking of ZnS and the epitaxial orientation relationship with the CdS-WZ substrate. In b) dark field is acquired near 
[0001] ZA with a Bragg reflection of (11–20) to evidence the prismatic stacking faults that appear edge on. The inset gives a schematic of the prismatic planes 
projected on basal plane along the [0001] ZA and provide the main directions for the hexagonal structure. Solid lines show the {1–100} prismatic planes and dashed 
lines show the {11–20} prismatic planes. The (11–20) planes are horizontal as in the micrograph b). Thus bright contrasts in the micrograph indicate stacking faults 
on (11–20) planes. d) Shows a HAADF zoom-in of the interface along the perpendicular [11–20] ZA. Some bright contrasts that are believed to be related to 
inhomogeneous sulfur depletion and Cd enrichment. In e) the EDS mapping associated to d) shows slight diffusion of Zn in line with the with the S depletion observed 
in d).
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reflection (Fig. 8a and e). These edge dislocations are considered as 
misfit dislocations with a burger vector of ½<0001>. They assist the 
relaxation of stress caused by lattice mismatch. The extra half planes are 
likely associated to planar defects such as stacking mismatch boundaries 
or inversion domain boundaries [65,66] that will require analyses of the 
polarity inversion at the boundary. Yet, the stacking sequence of the 
basal planes shows some basal stacking faults (BSFs) in the zones A, B C. 
As shown in zoom-in view in Fig. 8b-d, these BSFs are not exactly in line 
with the misfit dislocations. Their formation looks complex and could be 
supported by the formation of additional partial dislocations along 
〈1–100〉 or 〈2–1–10〉. Although the stackings could correspond to 
extrinsic E and intrinsic I2 BSFs, respectively with 3 and 2 cubic viola-
tions in the wurtzite stacking, the determination of the exact nature of 
the BSFs requires complete analyses by diffraction contrast TEM on plan 
views to identify the associated partial dislocations. Additionally, the 
Fourier filtered image with (− 1101) reflection in Fig. 8f shows edge 
dislocations (symbols in blue) terminating planar defects on (− 1101) 
planes that are likely connecting the BFSs. Such pyramidal defects are 
not often reported and require further investigation. Likewise, Fourier 
filtered image with (− 1100) reflection in Fig. 8g shows several vacancy 
and interstitial prismatic loops on (− 1100) planes evidenced 

respectively by face-to face red and green edge dislocation symbols.
On the other hand, prismatic faults on either {11–20} or {10–10} 

planes are often reported in hexagonal non-polar layers [67]. They 
should appear edge on if looked along [0001] zone axis. They are 
observed in ZnS-WZ layer, in Fig. 5b. The dark field micrograph, taken 
with a (11–20) Bragg reflection, shows that among threading disloca-
tions straight bright contrast appear perpendicular to the m-plane sur-
face therefore giving evidence of stacking faults on {11–20} planes.

4. Discussion

The microcrack formation arises from several factors related to the 
growth process, material properties or external stresses. Their formation 
in ZnS-WZ may result from a combination of TEC mismatch, cooling rate 
and stress anisotropy in the film. In WZ structures, the linear thermal 
expansion is anisotropic; it is larger along a-axis than along c-axis [68,
69]. For CdS-WZ, TEC at 300 K are respectively of 4.3 × 10–6 K-1 and 
2.77 × 10–6 K-1 for a and c axes [68]. For ZnS-WZ, TEC were experi-
mentally reported at 6.5 × 10–6 K-1 and 4.6 × 10–6 K-1 for a and c 
respectively [70] and were also calculated with density functional the-
ory giving slightly larger values of 8.4 × 10–6 K-1 and 4.1 × 10–6 K-1 [69]. 
Thus, TEC mismatch and anisotropy may account for our observation of 
microcracks perpendicular to [11–20] direction (Fig. 3a and Fig. A5). 
However, other origin may not be disregarded. Mitigation solutions to 
this problem should be found such as careful control of the cooling rate 
to minimize thermal stresses and adjusting even lower deposition tem-
perature to minimize thermal expansion.

Concerning the facets formed on the ZnS-WZ grown surface (Figs. 3a 
and 4a), no specific crystalline plane can be indexed. The hypothesis of a 
surface energy driving force can thus been ruled out. Similar sawtooth 
surface morphology was observed by Secco d’Aragona et al. [71] who 
suggest a connection with the formation of prismatic stacking faults. We 
indeed observe the presence of prismatic faults on {11–20} planes 
(Fig. 5b). Unfortunately, the large density of such stacking faults im-
pedes to make a clear relation between the sawtooth surface 
morphology and the presence of prismatic fault as suggested.

It is important to note that this sawtooth morphology is associated to 
elongated structures along [0001] as are the grooves formed by thermal 
desorption of the CdS-WZ substrate. We believe that this feature could 
be accounted for complex anisotropic surface mechanisms. Basically, on 
m-plane, adatom interactions and surface diffusion should be different 
along a and c axes and may lead to different step edge energy. Such 
phenomenon has been observed and simulated for homoepitaxy of GaN 
on m-plane surfaces [72–74] resulting in elongated islands during 

Fig. 6. XRD patterns for ω− 2θ scans of samples S2 (40 nm), S3 (30 nm) and S5 
(10 nm) grown at 360 ◦C.

Fig. 7. HAADF HR-STEM micrographs of the CdS/ZnS interface along [11–20] ZA showing stackings faults forming cubic violations inserted in the hexagonal 
stacking of the ZnS-WZ layer. In a) for sample grown at 520 ◦C the presence of cavities under the interface is highlighted by dotted circles. In the cavity zone, ZB 
segments are present. The hexagonality yield is compared by underlining the cubic stacking and stacking faults in red for samples grown at 520 ◦C in b) and 360 ◦c in 
c) respectively.
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growth. Molecular dynamic simulation would help in understanding 
those phenomena.

Up to now various approaches were explored to deposit ZnS-WZ 
films by MOCVD [35,75,76], as well as pulsed laser deposition (PLD) 
[77–79] and RF magnetron sputtering [80]. On the one hand, poly-
crystalline films were formed with the appearance of WZ phase 
depending on temperature and substrate [19,81–83]. Using PLD, Zhang 
et al. [78] obtained a good control of the WZ phase in polycrystalline 
films with a precise tuning of temperature of a Au-coated sapphire 
substrate. Xin et al. [79] claimed epitaxy of ZnS-WZ on (11–20) sapphire 
and (001) silicon using PLD but showed no diffraction pattern of TEM 

micrograph to support their claim. On the other hand, the epitaxial 
growth on single-crystal substrates such as Si, GaAs, GaP or 
(0001)-oriented sapphire only achieved zinc-blende structures [18,31,
36,37]. In 1975, Lilley et al. [24] were the first to report a high tem-
perature (>700 ◦C) growth of highly ordered hexagonal ZnS on 
non-polar (1–102) sapphire but without description of the structure. 
Then, Greenberg et al. [41] showed respectively that epitaxy on a-plane 
(11–20) and r- plane (10–12) -sapphire resulted in an oriented mixture 
of ZB and WZ with a strong preferred orientation relationship with the 
substrate. One must note that in that case the lattice mismatch is larger 
than 20 % for a-axis and 51 % for c-axis which make epitaxy difficult. By 

Fig. 8. a) HAADF STEM micrograph of the ZnS/CdS interface and the associated filtered Fourier images taken respectively with the (0002), (− 1101) and (− 1100) 
Bragg reflections (e, f and g). In e) yellow ⊥ symbols indicate edge dislocations on m-plane bounding an extra half basal planes. In f) Blue ⊥ symbols indicate edge 
dislocations with extra plane on (− 1101) pyramidal planes. They look to be associated to the edge dislocations in e). In g) loops on prismatic planes are visible with a 
(− 1100) reflection, respectively red for vacancy loops and green for interstitial loops. b,c and d) show high resolution zoom-in of zones A, B and C from a). They 
evidence the stacking sequences of basal planes that indicate different configurations of BSFs either extrinsic E or intrinsic I2 based on the number of cubic violations.
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adding an additional ZnO buffer layer to reduce lattice mismatch, Wang 
et al. [84] recently showed the possibility of an epitaxy of ZnS-WZ layer 
on a m-plane (1–100) ZnO/sapphire stacked substrate. However, they 
evidenced that the ZnS-WZ film was misoriented by 5.55◦ with respect 
to the underneath ZnO/Sapphire substrate probably. This could be 
explained by the compensation of lattice mismatch between ZnS and 
ZnO as well as the presence of lattice-mismatch defects in the ZnO buffer 
layer. In line with those findings, we show here that using a perfect 
CdS-WZ substrate with a reduced lattice mismatch with ZnS effectively 
enables the epitaxy of ZnS-WZ film without any misorientation with the 
substrate. On a backside, CdS is highly thermally instable, the lattice and 
TEC mismatches with ZnS are still too large and Cd is highly toxic. So 
that, alternative substrates would be preferable. However, there is no 
other single crystal material providing better lattice parameter matching 
with ZnS. One may suggest to use m-plane single ZnO substrates which 
have a TEC of 6.5 × 10–6 K-1 along a-axis and 3.7 × 10–6 K-1. But the 
lattice parameters along a-and c-axis are of 3.252 Å and 5.313 Å 
respectively giving a lattice mismatch of about 18 % and 33 %.

5. Conclusion

We show that the wurtzite structure can be achieved in ZnS thin films 
by forcing the stacking on non-polar surface. CdS substrate is used to 
provide a proof of concept of the epitaxy on m-plane surfaces although 
with disordered basal stacking faults due to the lattice mismatch be-
tween ZnS and CdS compounds. HR-STEM observations in cross section 
show misfit dislocations at the ZnS/CdS interface and basal stacking 
faults associated with pyramidal and prismatic stacking faults. XPS and 
AFM measurements demonstrate the efficiency of the proposed surface 
preparation process. However, a better suitable substrate should be 
found, i.e. better thermal stability and the lowest mismatch of lattice 
parameter and thermal expansion coefficient. ZnS-WZ may grow on 
other m-plane substrates providing the criteria of minimum lattice 
mismatch is fulfilled. This growth may be also applicable for metastable 
ZnSe-WZ on m-plane surfaces.
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APPENDIX A

Surface preparation of the CdS substrates

XPS S2p core level spectrum
The HR-XPS analysis in Fig. A1 performed on the S 2p on a CdS as- 

received sample reveals the presence of the characteristic doublet 
peaks, S 2p3/2 and S 2p1/2, respectively located at 161.4 eV and 162.5 
eV. These peaks are indicative of metal sulfide bonds, specifically S-Cd, 
as previously reported in the literature. The decomposition of the 
spectrum confirms that no other components are bonded to sulfur, 
suggesting a pure metal sulfide phase. This consolidates our hypothesis 
of no sulfate formation on the surface.

XPS spectrum of doublet peak of Br3p3/2 and Br3p1/2
Fig. S2 shows the Br 3p core level doublet, Br 3p3/2 and Br 3p1/2, 

located at 182.1 eV and 188.9 eV, respectively, which reveals bromine 
contamination in the CdS sample after chemical mechanical polishing 
(CMP). The contamination has been estimated to be approximately 1.5 
% across the entire surface. Our hypothesis is that this element is pri-
marily bonded to Cd based on the results obtained for the Cd peak (see 
Fig. 1c in the main paper). However, since bromine is a very volatile 
element, we demonstrate that after annealing at 350 ◦C for 20 min, this 
contamination appears to be completely removed.

RMS measurements
The initial roughness was measured operating in tapping mode using 

a Veeco silicon tip on two CdS samples. The roughness was assessed by 
standard RMS (Root Mean Square) measurements and was around 0.46 
± 0.22 nm, along with the presence of scratches originating from the 
supplier. After CMP using 0.01 % bromine methanol (Br₂-MeOH) used to 
remove contamination for epitaxy surface preparation, we could reach a 
similar surface roughness to 0.40 ± 0.07 nm.

Table 2 in the main manuscript and Fig. A3 display the roughness 
measurements on a 16 μm² area performed before and after polishing, as 
well as after annealing at 360 and 520 ◦C under UHV for 10 min. It 
appears that surface roughness after annealing at 520 ◦C increases 
significantly, almost by a factor 2 compared to the reference surface. 
AFM image shows the presence of deep elongated grooves on the sur-
face. The size and density of these grooves are likely to increase with 
increasing temperature or annealing duration. On the other hand, 
annealing at 360 ◦C showed no signs of groove formation, as evidenced 
by AFM measurements showing a barely unchanged roughness of 0.377 
± 0.035 nm for a CdS sample annealed at 360 ◦C under UHV.

Fig. A4 shows an AFM depth profile of a groove formed by thermal 
annealing during 10 min at 520 ◦C under hydrogen (H₂) and DTBS. The 
profile is acquired perpendicularly to the groove that is elongated along 
〈0001〉 and exhibits a depression with a V-shape indicative of desorption 
during annealing. The width is around 40 nm and the depth about 4 nm. 
However, it looks like the convolution of the AFM tip with the groove 
sidewall does not enable an accurate value of the depth.

Microcracks formation after ZnS deposition

SEM image in Fig. A5 exhibits the surface morphology of the ZnS 
layer of the sample S2 and the formation of microcracks due to thermal 
expansion coefficient mismatch in between ZnS-WZ and CdS-WZ sub-
strate. All the microcracks are elongated along the c-axis [0001]. This 
preferential orientation is likely related to the anisotropic thermal 
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expansion of both wurtzite materials. The intensity line-scan in Fig. A5b 
acquired perpendicularly to the microcracks indicate that they are 
almost periodically formed on the surface with period of around 0.8 µm.

Crystallinity of the ZnS-WZ layer

The Fig. A6 displays the Full Width at Half Maximum (FWHM) values 
of the (1–100) diffraction peak from the XRD pattern given in Fig. 6a. 
The FWHM values are relatively consistent for all the ZnS-WZ thick-
nesses, fluctuating slightly between 0.80◦ and 0.85◦. this suggests a 
fairly good crystal quality of the layers that is not degraded by further 
thickening. These FWHM values around 0.80◦ can be explained by the 
presence of the dislocations and stacking faults described in Fig. 8.

Data availability

Data will be made available on request.
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