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Abstract
In this research, growth of full composition graded II–VI materials in different morphologies using a simple but versatile 
chemical vapor deposition method was demonstrated and various characterizations of those materials were carried out using 
X-ray diffraction, scanning electron microscopy, energy dispersive spectroscopy and photoluminescence techniques. All these 
techniques reveal that our materials were grown in very high crystal quality and providing a unique platform to be used for 
many applications. In the scope of this paper, we utilized them as humidity sensing materials as they provide a wide variety 
of morphology change. Humidity sensing properties of those materials were investigated under various humidity levels using 
quartz crystal microbalance (QCM) system. It was revealed that ZnS-rich ZnCdSSe nanowires have more adsorption sites 
compared to the other morphologies, namely tapered nanobelt, nanosheet and thin film, and this makes them more sensitive 
than others. Overall, the fabricated QCM sensors exhibited fast response, high sensitivity and narrow hysteresis and therefore 
they are very promising for everyday appliances and various manufacturing environments with their easy operation, high 
sensitivity and stability, ability to work at room temperature and low cost.

1  Introduction

The use of nanostructures in various applications has been 
growing rapidly and attracting significant attentions due to 
their miniaturized size, low cost, selectivity and provid-
ing unique properties compared to their bulk counterparts 
[1–5]. Nanostructures with different morphologies possess 
high surface to volume ratio and therefore providing superior 
physical and chemical properties [6]. For example growing 
lattice-mismatched materials (up to 10%) over a single sub-
strate is made possible by nanostructures whereas it is not 
possible in bulk even with 1% lattice mismatch [7–9]. On the 
other hand, nanostructures become more chemically reactive 
than bulks as the size gets smaller for the reason that major-
ity of the atoms in the material is on its surface [6]. Unique 

physical properties make the structures promising especially 
for optoelectronic applications and the chemical properties 
are so crucial for gasses and humidity sensing applications.

Since sensing and controlling humidity are very crucial 
for everyday life appliances and a wide range of manufactur-
ing environments such as semiconductors, food processing, 
pharmaceuticals, automotive and so on [10–13], it is neces-
sary to develop a new type of humidity sensors with reliable, 
sensitive, and cost-effective materials and methods. A wide 
variety of humidity sensors based on ceramic, semiconduc-
tor, polymeric and composite materials were fabricated 
using different transducer methods such as capacitive [14], 
optical [15], acoustic [16], and impedance [17]. However, 
they have some drawbacks and therefore the sector is in need 
of new materials and sensing methods. For example, ceramic 
sensors are fabricated using porous semiconducting oxides, 
but they require a heater to recover its sensing feature [18]. 
Polymeric sensors on the other hand do not require a heater, 
but the sensor becomes less sensitive than the ceramic ones 
[18]. Unlike traditional humidity sensors, quartz crystal 
microbalance (QCM) based sensors are very promising as 
they offer easy operation, high sensitivity and stability, low 
power consumption, low cost, basic working principle and 
ability to work at room temperature.
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In the literature, there are many studies [19–32] analyzing 
the humidity sensing properties of various semiconductor 
materials using QCM method. However, to the best of our 
knowledge there is no any research reporting the demonstra-
tion of QCM based humidity sensors using compositionally 
graded II–VI materials. In this paper, we demonstrate the 
growth and characterization of compositionally graded II–VI 
materials and investigate their humidity sensing properties 
and the effect of morphology on that using QCM method. 
Furthermore, we also demonstrate how to build a complete 
QCM test system with a very low cost compared to the com-
mercial counterparts.

2 � Materials and methods

2.1 � Growth of materials in various morphologies

Growth of materials in different morphology and composi-
tion was carried out using a custom made chemical vapor 
deposition (CVD) system. The schematic view and real color 
image of the system are shown in Fig. 1 and the system 
is equipped with 1-zone horizontal tube furnace (Protherm 
PTF 12/50/450), mullite tube, quartz tube, N2 cylinder, rota-
meter, mechanical vacuum pump (Vacuubrand RZ 2.5) and 
various connection components. The maximum temperature 
of the furnace can reach up to 1200 °C, but cannot be used 
above 1150 °C with an extended time. The vacuum sys-
tem is on the other hand fully automatic and the pressure 
inside the growth chamber can be set within the limits of 
mechanical pump (20 mTorr–760 Torr) utilizing its Pirani 
manometer (VSP 3000) and Vacuubrand CVC 3000 con-
trol system. It is illustrated that the reaction occurs inside 
the quartz tube, which is placed inside the outer mullite 
tube. The reason we keep the mullite tube there is not to 
destruct the set temperature profile of the furnace. In this 
research, we carried out various material growths and 

materials in nanostructure form were grown via vapor–liq-
uid–solid (VLS) and vapor–solid (VS) growth methods [33, 
34] while the others in thin film form were grown via VS 
growth method [35]. The key to grow materials in different 
morphology and composition within a single growth run is 
the temperature-dependent-composition-deposition method 
[36–38]. This method relies on the natural gradient of the 
temperature profile in the furnace.

Both precursors (CdSe and ZnS, 99.995%) were bought 
from Alfa Aesar and used as purchased. Si(100) and quartz 
wafers were used as a substrate in different growths. Sub-
strates are mainly used as a mechanical support and con-
struct a platform for material growth. However, substrate 
type with a specific thermal conductivity becomes a key 
factor when a growth of full composition graded materi-
als over a single substrate is the particular interest. Before 
any growth initiated, temperature profile of the furnace 
was figured out using a long K-type external thermocou-
ple. This was very important for the growth before reac-
tion takes place since the heat is coming indirectly to the 
quartz tube by passing through the mullite tube. Because of 
that, the set temperature is never realized inside the quartz 
tube and therefore we set the furnace to 1140 °C in order 
to make the center of the quartz tube 1000 °C. Any given 
temperature along the paper will anymore refer to the real 
temperature at the spot (inside the quartz tube). Prior to the 
growth, substrates were sputtered with a thin layer of Au 
acting as a catalyst to initiate the nanostructure growths 
and then thoroughly cleaned using the typical cleaning pro-
cedures [39]. After all the preparation stages, CdSe, ZnS 
and substrates were placed at given positions seen in Fig. 1. 
Before the heating up procedure starts the growth chamber 
was pumped down to 30 mTorr and followed by 100 sccm 
(standard cubic centimeter) N2 flow to purge oxygen inside 
the chamber. The carrier gas raised the system pressure up 
to 6 Torr. According to our experiments, the best result was 
gathered in 10 Torr and therefore the chamber pressure was 

Fig. 1   Schematic view of the CVD experiment setup. Inset: growth program of a typical experiment. ApR corresponds to the heating rate of 
17 °C/min
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set to be 10 Torr via CVC3000 and this is done by backfilled 
N2 during the growth procedure. After that, the growth pro-
gram seen in Fig. 1 inset was applied and nanomaterials 
were grown over the substrate. During the growth proce-
dure, 100 sccm N2 flow was used as a carrier gas. After 
the growth is completed, the whole system was let to cool 
down naturally to the room temperature. Heating up time 
as denoted by ApR in Fig. 1 inset corresponds to the fastest 
heating up rate of the furnace (17 °C/min) and the growth 
was done for 15 min after the target temperature is reached. 
The reason the growth time is somewhat short is because 
of quick depletion of CdSe material due to its higher vapor 
pressure compared to ZnS [40]. It is important to note that 
in addition to nanomaterial growths we can also grow thin 
films using the same growth procedure excluding the Au 
sputtering stage. This also means that even if we aim to grow 
nanomaterials over the Au coated substrate we can also grow 
thin films over the quartz tube’s surface (or quartz plate) and 
those can be removed easily from the surface to be utilized 
as a humidity-sensing medium (Fig. 2c shows such films).

2.2 � Structural, chemical and optical 
characterizations

Morphological properties of the materials were studied 
using FEI QUANTA FEG 450 scanning electron micro-
scope (SEM) at 15 kV and Olympus optical microscope. 
Chemical composition of the structures were figured using 
energy dispersive spectroscopy (EDS) detector attached to 
the SEM microscope. Structural properties of the materi-
als were analyzed using PANalytical Empyrean X-ray dif-
fractometer with Cu Kα radiation (λ = 1.5406 Å). Optical 
properties, specifically the band gap energies and emission 
characteristics of the materials were investigated using a 
custom made photoluminescence (PL) measurement system 
equipped with a HORIBA spectrometer with liquid nitrogen 

(LN) cooled CCD detector, 355 nm Nd:YAG pumping laser, 
405 nm pumping laser diode and a fluorescent microscope 
(Olympus). On the other hand, humidity sensing properties 
of the materials were studied utilizing QCM system with 
10 MHz oscillation frequency and the details will be given 
in the following section.

2.3 � Humidity sensing of the materials using QCM 
technique

QCM is a widely used method to figure out the mass change 
on any surface as a function of the change on the quartz 
crystal’s resonance frequency. The mass change can be cal-
culated using Sauerbrey equation (1) for thin and uniform 
films [41]:

where A is the active Au layer area on the crystal, µ the shear 
modulus of quartz, ρ density of the crystal, fo resonance 
frequency of the crystal, and Δf frequency shift from its 
fundamental resonance frequency.

Open QCM from Novaetech Company was used to 
measure the resonance frequency change and the data as 
a function of time was recorded via USB using open QCM 
1.2 software from the same company. Our QCM device uti-
lizes an AT-cut quartz crystal with resonance frequency of 
10 MHz (see Fig. 2a). AT-cut crystals are made from Y bar 
at 35° rotation (Fig. 2a) and widely used by the industry as 
it provides a stable performance over a wide temperature 
range (− 55 °C to 125 °C). The shear modulus (µ) and den-
sity (ρ) of the crystal are 2.947 × 1011 g/cm s2 and 2.684 g/
cm3, respectively. According to Sauerbrey equation (1), the 
change of 1 Hz of the resonance frequency corresponds 
to − 1.255 ng of materials adsorbed on the active crystal 

(1)Δm = −

A
√

��

2f 2
o

Δf ,

Fig. 2   a Sketch of the quartz crystal used in QCM based sensors. Material transfer methods to the electrode of QCM transducer. b Dispersion 
and drop cast method and c contact printing method
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surface of 0.282735 cm2. This number can be used inter-
changeably, but in case of desorption from the surface mass 
change becomes positive.

In order to investigate the humidity sensing properties of 
the materials, quartz crystal was dipped into acetone (etha-
nol) and sonicated in ultrasonic bath for a while and then 
the same crystal sonicated in DI water followed by blow dry 
with nitrogen. Materials were dispersed in ethanol solution 
using ultrasonic cleaner and then suspended materials were 
transferred onto the active side of the crystal by drop cast 
method (see Fig. 2b). The solution was dried at room tem-
perature and in some cases evaporation of the solution was 
also observed from the resonance frequency shift. In addi-
tion to drop cast method to coat the crystal with materials, 
we also applied contact-printing method [42]. In this case, 
quartz crystal was flipped down over an as-grown sample to 
grab structures on the surface of the Au electrode. The rest 
also got some structures, but was cleaned using a cotton 
swab as illustrated in Fig. 2c.

Humidity measurements were implemented in a her-
metically sealed chamber under various humidity levels. In 
order to adjust the moisture level inside the chamber we 
use two mass flow controllers (MFCs) connected to dry air 
cylinder as seen in Fig. 3. By changing the flow rates of 
those MFCs we alter the humidity level in the test cham-
ber. As we increase the flow rate of MFC1 and MFC2 sepa-
rately humidity level inside the chamber is decreased and 
increased, respectively. Along with QCM data we also need 
real humidity and temperature values inside the chamber. 
Therefore we designed a humidity and temperature data 
logger employing DHT22 sensor, SD card reader/writer 

and Arduino microcontroller. DHT22 sensor has sensitiv-
ity levels of ± 2–5% and ± 0.5 °C for humidity and tempera-
ture, respectively with 0.5 Hz sampling rate. It can measure 
humidity and temperature in the ranges of 0–100% and – 40 
to 125 °C, respectively. The designed data logger is equipped 
with a real time clock and thus recording the humidity and 
temperature values as a function of time to be used to cor-
relate the data obtained from QCM-based sensor. The details 
of the circuit and program embedded into the microcon-
troller can be found in the Supplementary Information.

3 � Results and discussion

3.1 � Investigation of material properties

Since we utilize temperature dependent composition deposi-
tion it is important to grow full composition graded struc-
tures over a wide temperature range to understand the effect 
of position (or temperature) on the morphology and compo-
sition. For that purpose, we have grown many samples using 
various substrates as seen in Fig. 4c. It is known that the 
amount of material in vapor phase during the growth proce-
dure determines the level of supersaturation and thus chang-
ing the materials morphology and chemical compositions. 
As mentioned above vapor pressure of ZnS is much lower 
than CdSe and therefore the amount of ZnS vapor always 
become very limited and hindering to reach a high degree 
of supersaturation when compared to CdSe. Therefore, it 
is expected to have ZnS-rich structures grown in nanow-
ire (NW) form and CdSe-rich structures in nanosheet (NS) 
form. Various alloys of this material system are expected to 
have the morphologies between NW and NS depending on 
the level of supersaturation. Figure 4 shows the various char-
acterization results from a full composition graded sample 
grown on a quartz substrate in a single furnace run. SEM 
images were taken from different spots of the sample start-
ing from whitish color to dark brown color seen in Fig. 4c’s 
first image. When the images checked in detail it is seen that 
some structures have Au tips indicating the VLS growth 
method. In the presence of Au catalyst, nanostructures in dif-
ferent morphologies can be grown depending on the super-
saturation level of Au catalyst otherwise the growth results 
in thin film. As seen in SEM images (Fig. 4a), morphology 
of the materials shift from NW to NS with the length of tens 
of µm and width (or diameter) up to 7 µm. That means we 
can grow II–VI materials in any morphology just by chang-
ing the growth position (or temperature). Figure 4c is an 
example of different growth results where we can see the 
growth over a single substrate, separate substrates lying on 
the quartz tube or quartz plate, and thin films peeled from 
the growth chamber. EDS analysis was also carried out to 
determine the composition of materials on different spots. 

Fig. 3   a Schematic view of the experimental setup used to test the 
QCM based humidity sensors. b Photograph of the hermetically 
sealed test chamber and data logger connected to the PC. Inset: close 
up view of our QCM device
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As seen in Fig. 4b, materials are composed of Zn, Cd, S and 
Se elements and the products ended up highly stoichiomet-
ric. Sample numbers in Fig. 4b refer to the SEM images 
and EDS analysis results were taken from the spots seen in 
the SEM images. The result shows that as we move from 
#1 (NW-like morphology) to #4 (NS-like morphology) Cd 
and Se composition increase while Zn and S composition 
diminish.

Crystallographic properties of the same sample was 
figured using X-ray diffraction (XRD) and Fig. 4d shows 
the spectra taken from three different locations. The results 
reveal that alloys have wurtzite crystal structures with the 
characteristic peaks of (100), (002) and (101) planes between 
20° and 30° of 2θ. As we move from ZnS-rich side to CdSe-
rich side the characteristic peaks shift to lower degrees but 

the alloys stay in the region of pure CdSe (PDF Card 00-002-
0330) and ZnS (PDF Card 00-001-0677). Other unmarked 
peaks in the higher degree region belong to SiO2 peaks com-
ing from the substrate. As Scherrer equation [43, 44] indi-
cates that when the linewidth of the main peaks get narrower 
crystal grain size enlarges and therefore the crystal quality 
becomes much better. Based on that we can say that material 
quality gets better as we move from ZnS-rich to CdSe-rich 
alloy structures. Optical properties of as grown structures 
were studied using PL method. Figure 4e shows PL spec-
trums gathered from different locations over the substrate 
and it is clearly seen that as we move from whitish (ZnSe-
rich) to blackish (CdSe-rich) side PL emission becomes red 
shifted as expected because bandgap energies of pure ZnS 
and pure CdSe are 3.91 eV and 1.74 eV corresponding to 

Fig. 4   a SEM images of quaternary alloy nanomaterials in different 
morphologies. b EDS analysis results of the sample in a. c Real color 
image of various samples under room light. From top to bottom, full 
composition graded materials over a quartz substrate, controllable 
composition deposition over Si substrates on quartz tube and quartz 
plate, and peeled thin films from the surface of quartz tube, respec-

tively. d XRD and e PL spectra of different spots of full composition 
graded sample. Red shift occurs as we move from ZnS-rich ZnCdSSe 
to CdSe-rich ZnCdSSe materials. Spots in b, d and e are different 
and therefore composition of materials should not necessarily match 
(Color figure online)
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the center emission wavelengths of 317 nm and 712 nm, 
respectively. PL emission spectrums centered at 450 nm, 
515 nm, 595 nm, 634 nm and 663 nm were obtained from 
five different spots under 355 nm laser pumping and it can be 
imagined that we can get any color of light emission within 
the visible range from the ZnCdSSe quaternary alloys. All 
analysis results show that we can grow high quality materials 
using our facile and low cost growth method. Those materi-
als can be used for various type of applications such as solar 
cells, photodetectors, LEDs, lasers, water splitting and etc.; 
however, we will utilize them as humidity-sensing materials 
within the scope of this work because those provide a wide 
morphology change. Since it determines the active adsorp-
tion sites and therefore the humidity sensing properties of 
the materials, a wide morphology change is an advantage for 
us to make a comparison between structures.

3.2 � Investigation of humidity sensing properties 
of the materials under varying RH

Before investigating the humidity response of nanostruc-
tures it is important to mention about the humidity sensing 
mechanism that can be divided into two parts. First, active 
sites of the alloy nanostructures chemisorb water molecules 
[45] to link with metal ions and then more water molecules 
are adsorbed on the initially formed layers via Van Der 
Waals force [46]. In a specific humidity environment, sen-
sors can establish an equilibrium. When the sensor is placed 
in a lower humidity environment, water molecules on its 
humidity-sensing surface will desorb resulting in a positive 
frequency change owing to the mass loss on the surface of 
QCM. Contrary to this, when the sensor is placed in a higher 
humidity environment, additional water molecules are 
adsorbed on the surface of humidity sensing materials and 
causes negative shift of the resonance frequency of QCM.

Figure 5a reveals the relationship of resonance fre-
quency shift of five different sensors with relative humidity 

(RH) between 10 and 95%. It is obvious that deviations 
from the resonance frequency increase in both positive 
and negative ways for decreasing and increasing humidity 
levels, respectively. During the experiments, the humidity 
level of the environment was about 40% RH and at that 
level, it is seen that more water molecules are adsorbed on 
the sensor coated with NWs. As expected when the sensors 
placed in lower RH water molecules start to desorb from 
the surface and resulting positive frequency shift due to 
mass loss over the electrodes of quartz crystal. When it is 
placed at even lower RH, frequency shift increase more 
due to further loss of desorbed mass. As the morphology 
change from thin film to NW, more adsorbed molecules 
desorb and therefore positive frequency shift becomes 
more intense for NWs coated QCM than the others. Like-
wise, when the sensors are placed in higher RH, more 
water molecules are adsorbed on the surface of humidity 
sensing material causing the negative frequency shift. It 
is apparently seen in Fig. 5a that frequency shift occurs 
unlikely for the sensors fabricated using material in dif-
ferent morphology. The sensor coated with Zn-rich NWs 
shows greater frequency shift than the others coated with 
thin film, NS and nanobelt. This is as expected because 
as the size of the structures get smaller the specific and 
total surface are of the materials boost significantly and 
this creates a basement for more water adsorption. It is 
important to note that the relationship between frequency 
shift and RH is not linear and as the RH increases, more 
water molecules are adsorbed on the pre-adsorbed mol-
ecules multiplying the available adsorption sites. This 
phenomenon in the literature can be explained with the 
BET adsorption model [47]. It is noteworthy that when the 
sensor is over loaded QCM becomes invalid and therefore 
the amount of material transferred to the electrodes of AT-
cut crystal should be under control and for each sensor the 
amount should be equal otherwise more material would 
cause more frequency shift with even lower RH.

Fig. 5   a Frequency shift response of different sensors fabricated with 
materials in different morphology respect to relative humidity of the 
environment. b Repeatable sensing curve of the NWs coated QCM 

gathered between ~ 95% RH and ~ 40% RH. c Hysteresis characteristic 
of NWs coated QCM sensor
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Response and recovery times are also very significant 
features of the sensors as they determine time taken to 
reach 90% of the frequency change for the ascending 
and descending humidity levels, respectively. Figure 5b 
shows the response curve of the sensor as a function of 
time under the humidity levels of 40% RH and 95% RH. 
Average response time of the sensor is around 21 s while 
the recovery time is around 8 s in average. Such rates are 
very promising and can be on par or even superior to the 
studies seen in the literature. Another factor used to evalu-
ate the sensors’ accuracy and reliability is the hysteresis 
indicating the time lag between descending and ascend-
ing response curves of the sensor seen in Fig. 5c. This 
process was conducted between ~ 10 and ~ 95% range with 
eight different RH values. It was found figured that the 
maximum hysteresis is ~ 3% under 85% RH for the best 
performing sensor. Since the sensor exhibits a narrow hys-
teresis loop under increasing and decreasing humidity, we 
can say that the sensor is highly accurate.

4 � Conclusion

In conclusion, chemical composition and morphology tun-
able II–VI quaternary alloys were grown using a facile 
growth method employing temperature dependent com-
position deposition and various characterizations were 
carried out to figure the structural, chemical and optical 
properties of those materials. The results show that the 
materials have very high crystal quality and can be used 
for plenty of applications; however, in the context of this 
paper those were utilized as humidity sensing materials 
as they provide unique surface properties with varying 
morphologies. Humidity sensing properties of II–VI mate-
rials were investigated using a simple but very versatile 
QCM method and a few QCM based sensors were fab-
ricated using materials in different morphologies to fig-
ure the effect of morphology change. Overall, QCM sen-
sors coated with ZnS-rich ZnCdSSe NWs with their fast 
response (21 s response time and 8 s recovery time), high 
sensitivity and narrow hysteresis (3% RH) showed the best 
performance than others fabricated with NS, nanobelt and 
thin film. To the best of our knowledge, this is the first 
demonstration of QCM sensors based on full composi-
tion tunable ZnCdSSe quaternary alloys. In addition to 
optoelectronic applications, the results show that those 
materials are not only very promising for humidity sensing 
applications, but also for other gas sensing applications as 
the sensitivity decrease with lower surface area the sensors 
are less affected by water molecules and become better 
measurement platform to sense other harmful gasses in a 
humid environment.
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