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In this study, the effects of Au nanosheets of thicknesses of 50 nm on the structural, 

electrical and photoelectrical properties of Yb/ZnS/CdS/Au (ZAC-0) devices is 

considered. Stacked layers of ZnS and CdS which are prepared by the thermal evaporation 

technique onto Yb substrates under vacuum pressure of 10
-5

 mbar exhibits rectifying 

characteristics. For these diodes a reverse to forward current ratios of ~10
5 

at biasing 

voltage of 0.60 V is determined.
 
Insertion of Au nanosheets between the stacked layers of 

ZnS and CdS increased the current values by three orders of magnitude and changed the 

current conduction mechanism from thermionic emission to tunneling under reverse 

biasing conditions. The ZAC-0 device, exhibit a barrier height lowering and barrier 

widening upon insertion of Au nanosheets. After the participation of Au nanosheets in the 

structure of the ZAC-0 devices, large photosensitivity and responsivity accompanied with 

high external quantum efficiency is observed. The responsivity to 406 nm laser radiation is 

biasing voltage dependent and reaches   135 mA/W at 0.60 V. The features of the 

Yb/ZnS/Au/CdS/Au photosensors nominate them as promising candidates for use in light 

communication technology as signal receivers.    
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1. Introduction  
 

Heterojunction devices comprising ZnS/CdS interfaces are of interest owing to their wide 

range of applications. They find applications as nano and micro-devices. ZnS/CdS heterojunctions 

are used as photovoltaic quantum dot solar cells [1, 2]. Alloyed  Cd x Zn 1- x S quantum dots which 

are prepared using the successive ionic layer adsorption and reaction method displayed 

photoconversion efficiency of 3.6%. The enhanced efficiency is associated with an open-circuit 

voltage and short circuit current of 0.725 V and 11.66 mA cm
−2

 [2]. In addition, stacked layers of 

ZnS/CdS are observed to exhibit a third order nonlinear optical susceptibility allowing them for 

applications which are based on nonlinear optical responses [3].  Furthermore, ZnS/CdS structures 

shows a solar-driven photocatalytic water-splitting features that make them attractive for 

H2 production [4]. As photodiodes, when the ZnS/CdS heterojunctions are participated in the 

structure of Mo/CZTSe/CdS/ZnS/i-ZnO/ITO photovoltaic devices, they displayed external 

quantum efficiency values that depends on the spectral energy of incident light. The highest 

EQE% of value of ~80% was observed for light of wavelengths of ~530 nm [5]. The external 

quantum efficiency value for blue light (~ 400 nm) reaches 55%. The EQE% values for these 

detectors are strongly affected by the density of interfacial states. The lower the density of 

interfacial states, the higher the external quantum efficiency and the larger the photocurrent 

density [5].  

Owing to the wide range of applications of ZnS/CdS interfaces and the properties that are 

associated with its interface density of states, we are motivated to study the structural and 

electrical properties of the ZnS/CdS interfaces as photodetectors suitable for blue laser light 

sensing which are used in communication technology. The ZnS/CdS interface states will be 

disturbed by a 50 nm thick layer of Au in an attempt to enhance its optoelectronic performance. 
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Thus, the stacked layers of ZnS/Au/CdS which are coated onto Yb metal and glass substrates will 

be structurally and photo-electrically characterized to investigate the effects of Au nanosheets on 

the properties of ZnS/CdS photodiodes.  

 
 
2. Experimental details  
 

ZnS thin films of thicknesses of 500 nm are coated onto ultrasonically cleaned glass and 

Yb thin film substrates using NORM VCM -600 thermal evaporator. The source material was ZnS 

crystal lumps (99.99%). The evaporation was actualized with the help of tungsten heaters of boat 

shapes.    Some of the produced glass/ZnS and Yb/ZnS films are coated with Au nanosheets of 

thickness of 50 nm from high purity gold wires as source materials. The gold layers were then 

coated with 500 nm thick CdS. The resulting Yb/ZnS/Au/CdS stacked layers is masked and coated 

with Au pads of areas of 3.41× 10−2 𝑐𝑚2. The films thicknesses were measured with the help of 

an Inficon STM-2 thickness monitor attached to the system. The structural characterizations were 

carried out with the help of 𝐶𝑢𝑘𝛼
 MiniFlex 600 X-ray diffraction unit at scanning speed of 0.50 

deg./min.  The current- voltage characteristics curves were recorded with the help of 

programmable Keithley I-V system. Light irradiation was supplied from THORLAB diode laser of 

wavelengths of 406 nm and power of 5.5 mW.    

  

 
3. Results and discussion  
 

In this article, we focus on improving the structural, electrical and photoelectrical 

properties of the ZnS/CdS interfaces through insertion of metal nanosheets as conducting layer 

between the ZnS and CdS thin layers.   The schematics of the device under study are illustrated in 

inset-1 of Fig. 1.   The heterojunction devices not comprising Au nanosheets are called ZAC-0 nm. 

Those which have Au slabs of thicknesses of 50 nm are called ZAC-50. The X-ray diffraction 

patterns for ZAC-0 and ZAC-50 heterojunctions are shown in Fig. 1. The analyses of the observed 

sharp X-ray diffraction patterns were carried out with the help of “TREOR 92” software packages 

and were also compared with the existing literature data [6]. Two of the observed three diffraction 

peak are centered at diffraction angles of 2𝜃 = 24. 75𝑜 and at 2𝜃 = 27. 45𝑜 are assigned to the 

hexagonal CdS with lattice parameters of 𝑎 = 𝑏 =  4.152 Å and 𝑐 =  6.493 Å. The third peak 

which is observed at 2𝜃 = 29. 30𝑜 is assigned to the cubic ZnS. The lattice parameters for the ZnS 

are 𝑎 = 𝑏 = 𝑐 = 5.274 Å. The values of the lattice parameters of the ZnS coated onto Yb 

substrates are close to the previously reported as 5.333 Å.  As can be seen from inset-2 of Fig. 1, 

the maximum peak of CdS along the (002) direction is shifted toward smaller angles. The 

structural calculations have shown that insertion of Au nanosheets between ZnS and CdS layers 

shifted the values of the lattice constants of CdS from 𝑎 = 𝑏 =  4.152 Å to 𝑎 = 𝑏 =  4.193 Å and 

from 𝑐 =  6.493 Å to 𝑐 =  6.575 Å, respectively. An extension in the lattice constants values of 

CdS by 1.0% and by 1.26% is observed upon Au nanosheets participation.  The lattice constant of 

ZnS is not affected by the Au nanosheets.  

On the other hand, the calculated mechanical parameters including crystallite size (𝐷), 

microstrain (𝜖), defect density (𝛿) and stacking faults (SF%) using the previously reported [6] 

equations revealed respective values of  29 nm, 5.19× 10−3, 2.44 × 1011 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 and 0.259%. 

These parameters exhibit values of 28 nm, 5.43× 10−3, 5.07 × 1011 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 and 0.352%, 

respectively, upon insertion of Au nanosheets between ZnS and CdS interfacing layers. 

Remarkable increase in the defect density and in the stacking fault percentages is observed. One of 

the reasons that could account for the increased defect density is the lattice mismatches that are 

formed between Au nanosheets and CdS films. The lattice mismatches (Δ% = |𝑎𝐶𝑑𝑆 − 𝑎𝐴𝑢|/

𝑎𝐶𝑑𝑆; 𝑎𝐴𝑢 = 4.08 Å)  are 1.73% along the 𝑎 −axis and 37.1% along the 𝑐 −axis. The lattice 

mismatches between ZnS and CdS in the absence of Au nanosheets is Δ% = |𝑎𝐶𝑑𝑆 − 𝑎𝑍𝑛𝑆|/

𝑎𝐶𝑑𝑆)=27.0% along the a-axis and 23.11% along the 𝑐 −axis. The numerical data suggest that the 
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lattice mismatches along the 𝑎 −axis remarkable decreased and increased along the 𝑐 −axis as a 

result of insertion of Au nanosheets between stacked layers of ZnS and CdS. Earlier reports which 

considered heterojunction structures mentioned that, that the larger the lattice mismatches between 

stacked layers, the larger the applied strain required to modulate the electronic properties [8]. It is 

also reported that large lattice mismatches cause the high lattice strain, defects and misfit strain in 

the films that in turn lead to the formation of a better polycrystalline structure [9]. These lattice 

mismatches induced effects are usually accompanied with large defect densities [10] as we also 

observed here.   
 

 
 

Fig. 1 the X-ray diffraction patterns for the ZnS/CdS heterojunctions before and after the insertion of 

Au nanosheets.  Inset-1 show the schematics of the device and inset-2 shows the maximum peak shift 

as a result of Au nanosheet insertion. 

 

 

From electrical point of view, the electron affinities (𝑞𝜒) of ZnS and CdS are 3.8 eV [11] 

and  4.5 eV [12] , respectively. The respective energy band gap (𝐸𝑔) values are  3.40 eV [6] and 

2.41 eV [7]. In accordance with these data the conduction (Δ𝐸𝑐 = |𝑞𝜒𝐶𝑑𝑆 − 𝑞𝜒𝑍𝑛𝑆|) and valence 

band (Δ𝐸𝑣 = |Δ𝐸𝑔 − Δ𝐸𝑐|) offsets between ZnS and CdS are 0.70 and 0.29 eV, respectively. The 

band offsets are large enough to cause quantum confinement that is necessary for optoelectronic 

applications. The quantum confinement leads to energy sub-bands in both conduction and valence 

bands [13]. Earlier studies on CdSe/ZnS have shown that the quantum confinement can result in 

the changes of the density of states for both electrons and phonons and as a result it alters the 

mechanisms of electron–hole recombination [14] mechanisms. Remembering that the electronic 

configuration of Au (4𝑓14 5𝑑10 6𝑠1) which is at higher orbital energy levels than Zn (3𝑑104𝑠2), 

Cd (4𝑑105𝑠2) and S (3𝑠23𝑝4), then, the presence of Au nanosheets forces more atomic orbital 

overlapping in both of the ZnS and CdS leading to an enrichment of the energy sub-bands. In 

heterojunctions comprising organic/inorganic systems, the presence of metal nanosheets between 

layers of ZnS is reported to enhance the quantum confinement effect leading to a blue shift in the 

band gap [15]. Thus the corporation of Au nanosheets in between stacked layers of ZnS and CdS is 

supposed to improve the photoresponsivity (𝑅), photocurrent (𝐼𝑝ℎ) values and external quantum 

efficiency ((𝐸𝑄𝐸%) of the heterojunction devices which are very sensitive to the quantum 

confinement effect.   

 To confirm that the 50 nm thick Au nanosheets have improved the optoelectronic 

properties of the ZnS/CdS photodiodes, the dark (𝐼𝑑) and illuminated (𝐼𝐿) current (𝐼)-voltage (𝑉) 

characteristics were recorded. The light irradiation were supplied with the help of diode lasers of 

wavelengths of   406 nm. The dark  𝐼 − 𝑉 characteristics for the Yb/ZnS/CdS/Au and 

Yb/ZnS/Au/CdS/Au devices are illustrated in Fig. 2 (a). It is clear from the figure that the presence 

of Au nanosheets between layers of ZnS and CdS highly increased the dark current values. While 

the ZAC-0 device display higher 𝐼𝑅   values under reverse biasing conditions compared to the 

forward one, the ZAC-50 devices displayed higher currents value (𝐼𝐹) under forward biasing 

conditions. In addition, at particular forward biasing voltage, the current values in ZAC-50 devices 

are, approximately, five orders of magnitude higher than that of ZAC-0 devices. Moreover, under 
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reverse biasing conditions, the reverse current values in ZAC-50 devices is three orders of 

magnitude larger that of ZAC-0 devices. It is also noticeable that for the ZAC-50 devices, under 

forward biasing conditions, 𝐼𝐹 exhibit a jump from low current to high current values at biasing 

voltage of 0.09 V which is very close to the least required thermal energy value (3𝑘𝑇=0.08 V) for 

electrons to leave the surface of the valence band. As 𝑉 > 3𝑘𝑇, 𝐼𝐹 increases by 22 times.  

Analysis which targeted investigation of the current conduction mechanism in the 

photodiodes was deeply considered. The validity of Schottky-Richardson thermionic emission of 

charge carriers over energy barriers of heights 𝜙𝑏 and/or electric field assisted thermionic emission 

(tunneling) of charge carriers through electric field dependent potential barriers ( ) were tested 

using the respective equations [6, 15, 16],  

 

𝐼 = 𝐴𝐴∗𝑇2𝑒−
𝑞𝜙𝑏
𝑘𝑇 (𝑒

𝑞𝑉

𝑛𝑘𝑇 − 1)                (1) 
 

and 

 

𝐼 = 𝐴𝐴∗∗𝑇2𝑉𝛾exp (−
𝑒Φ

𝑘𝑇
)                   (2) 

 

with  

 

Φ = 𝜙𝑜 − 𝑛√𝑒𝜂/(4𝜋휀𝑜휀𝑟) √𝑉/√𝑤 .                          (3) 

 

In these equation, 0 is the zero field value, 
**A =120𝑚∗ is the Richardson constant,  

𝑚ℎ−𝑍𝑛𝑆
∗ =  0.23 𝑚𝑜  [17], 𝑚ℎ−𝐶𝑑𝑆

∗ = 0.64𝑚𝑜 [17] and 

𝑚𝑍𝐴𝐶−0
∗ =(𝑚ℎ−𝑍𝑛𝑆

∗ −1 + 𝑚ℎ−𝐶𝑑𝑆
∗ −1

)
−1

=0.169𝑚𝑜 for ZnS, CdS and for ZnS/CdS, respectively. The 

effective mass for electrons in ZAC-50 devices is𝑚𝑍𝐴𝐶−50
∗ =(𝑚ℎ−𝑍𝑛𝑆

∗ −1 + 𝑚ℎ−𝐶𝑑𝑆
∗ −1 +

𝑚𝑟𝑒−𝐴𝑢
∗ −1

)
−1

=0.147𝑚𝑜 . Here, 𝑚𝑒−𝐴𝑢
∗ = 1.14𝑚𝑜 [18] and w is the net effective width of the 

interface depletion region. The dielectric constant (휀𝑟) values were taken as 4.8 for Yb/ZnS and 

4.5 for CdS. The effective dielectric constant was calculated from the relation, 휀𝑟
𝑒𝑓𝑓

=

(휀𝑟−𝑌𝑏/𝑍𝑛𝑆
−1 + 휀𝑟−𝐶𝑑𝑆

−1 )
−1

=2.23. Under the conditions were the Schottky-Richardson field emission 

mechanism dominates, the ideality factor n = η = 1, γ = 0 are substituted. For the ZAC-0 device, 

Fig. 2 (b) shows ln(𝐼) − 𝑉 and ln(𝐼) − √𝑉 variations which are linear with acceptable 𝑅2  
(measure of deviation of data points from the mean) values under reverse and forward biasing 

conditions, respectively.  The slopes and intercepts of the linear plots which are shown by solid 

lines, in the figure allow determining the potential barrier height 𝜙𝑏 = 0.88 𝑒𝑉  and ideality factor 

(𝑛) of 3.4 for the reverse biased device and a zero field barrier height (𝜙0) of 1.15 eV and barrier 

width of 2.3 nm for the forward biased device. The data suggests that the current conduction 

mechanism in the ZAC-0 device is dominated by tunneling of electrons through a high barrier 

(1.15 eV) of width of 2.4 nm  when forward biased (CdS side) and by thermionic emission of 

charge carriers over a lower potential barrier (0.88 eV) when reverse biased.  

The linear plots of the ln(𝐼) − √𝑉 variations which are presented in Fig. 5 (d) assures the 

validity of the field assisted thermionic emission or tunneling current transport through ZAC-50 

devices. The slopes and intercepts of the  ln(𝐼) − √𝑉 variations which are shown by solid lines in 

Fig. 5 (d) allowed determining the values of 𝜙𝑜 and 𝑤   as 0.60 eV and 41.4 nm and 0.68 eV and 

39.81 nm, under forward and reverse biasing conditions, respectively.  
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a) 

  
b) c) 

 
Fig. 2. (a) The 𝑙𝑛(𝐼) − 𝑉 characteristics for the Yb/ZnS/CdS/Au devices before and after the insertion 

of Au nanosheets, (b) 𝑙𝑛(𝐼) − 𝑉 and 𝑙𝑛(𝐼) − √𝑉 dependence for the Yb/ZnS/CdS/Au devices before 

the insertion of Au nanosheets and (c) 𝑙𝑛(𝐼) − √𝑉 dependence for the Yb/ZnS/Au/CdS/Au devices 

after the insertion of Au nanosheets. 

 

 

As expected, the orbital overlapping of the Au highly decreased the barrier height from 

~1.15 eV to 0.60 eV. It also widens the tunneling barrier significantly. 

The barrier height decreases due to a smaller separation of electron sub-bands and hole sub-bands 

[19] by orbital overlapping. It is also possible to think that Au nanosheets could behaved as doping 

agents leading to heavy doping effect in which the tunneling current conduction mechanism 

becomes preferable. Since the ionic radius of Au
+3

 in square-planar coordination is 68 pm [20] is 

smaller than that of  Zn
+2

 ( 74 pm [21]) or that of Cd
+2

 ( 96 pm  [7]), Au ions can easily occupy 

vacant sites of Zn or Cd. In addition, Au
+1

 with the ionic radius 137 pm [22], can reserve 

interstitial sites and behave as doping agents. In such processes which include heavy doping effect, 

the image force lowering effect dominates. It is well known that at higher doping 

levels the barrier height decreases because of stronger image forces lowering [16].  

Attempts to record stable 𝐼 − 𝑉 characteristics for the ZAC-0 devices under 406 nm laser 

irradiations of power of 5.5 mW were unsuccessful. However, when the ZAC-50 devices were 

subject to the same irradiation conditions, large photoresponse is observed. Fig. 3 (a) show the 

dark and illuminated current (𝐼𝐿)-voltage characteristic curves for the ZAC-50 devices. It is clear 

from the figure that the values of 𝐼𝑅  highly increased upon laser irradiation indicating that the 

generation of  electron-hole pairs in the sample become more effective and pronounced as a result 

of insertion of Au nanosheets between layers of ZnS and CdS. No remarkable effect is observed in 

the forward current values until the applied forward voltage exceeds 0.51 V. Above this critical 

voltage, illuminated current exhibits higher values than those dark ones. It may have resulted from 

the high electric field injection effects. As the forward current is dominated by recombination of 

charge carriers and reverse current is by generation, it is possible to conclude that the Au 
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nanosheets have no effect on the recombination dynamics under low injection conditions [16]. 

Calculations which targeted estimation of the barrier height and barrier width under lasers 

irradiation ended with the result that the ZAC-50 devices exhibit a zero field barrier height of 

𝜙0 =0.53 eV and barrier width (𝑤)   of 24.22 nm under reverse biasing conditions. The values of 

𝜙0 and 𝑤 under forward biasing conditions are also determined and found to be 0.56 eV and 31.06 

nm, respectively. It is clear that the barrier height lowers and the barrier width narrows under light 

irradiations owing to enhanced quantum confinements in CdS which resulted from Au nanosheets. 

The original investigations of quantum confinement effect indicated that the long time illumination 

decreases the barrier height resulting in more effective holes captures and larger relaxation rate 

[23]. In addition, the barrier lowering upon light excitations can also be assigned to Fermi level 

shift towards the intrinsic Fermi level [24]. It is reported that barriers are produced due to the 

existence of surface states in the photosites. The photo-excited surface states may induce surface 

band-bending that in turn creates accumulation or depletion layers with a static space-charge 

region at the interface. Such barrier formation causes an energy difference between impurity levels 

and the acceptor/donor and valence/conduction bands, leading to significant change in the light 

absorption properties [25].  

 

  
a) b) 

 
Fig. 3. (a) the 𝐿𝑛(𝐼) − 𝑉 characteristics  in the dark and under laser light irradiation and (b) the biasing 

voltage dependent  photosensitivity for Yb/ZnS/Au/CdS/Au devices. 

 

 

Fig. 3 (b) display the ZAC-50 device photosensitivity (𝑆 =
𝐼𝑝ℎ

𝐼𝑑
;  𝐼𝑝ℎ is photocurrent) as 

function of biasing voltage. High photosensitivity is observed for the samples under reverse 

biasing conditions. While the ZAC-50 devices display no remarkable photosensitivity under 

forward biasing conditions in the range of (0.12-0.60 V), the photosensitivity slowly  increases 

with increasing reverse voltage in the low field injection range (0.10-0.40 V) for larger applied 

reverse voltages, 𝑆 tends to remain constant exhibiting an average value of 121.  Sharp transition 

from low 𝑆 to high 𝑆 values is observed as the device work in the voltage range from  +0.12 to - 

0.10 V. The large photosensitivity to laser light sensing makes the ZAC-50 devices attractive for 

use in light communications as signal receivers. For these issues, the knowledge of the photodiode 

parameters is of interest. For this reason, the diode responsivity (�̃� = 𝐼𝑝ℎ/𝑝𝑜𝑝.. ; 𝑝𝑜𝑝𝑡. is the optical 

power of radiation source) and the external quantum efficiency (𝐸𝑄𝐸% 

=100.
�̃�.ℎ𝑣

𝑞
; ℎ𝑣 is incident light energy ) are calculated for the reverse biased device and 

presented in Fig. 4 (a) and (b), respectively. As seen from the figure, linearly increasing �̃� and 

𝐸𝑄𝐸% with increasing reverse bias voltage is observed. The responsivity of the ZAC-50 light 

receivers reaches 135 mA/W at 0.60 V.   The high responsivity is associated with acceptable 

values of external quantum efficiency.  The external quantum efficiency percentage reaches 41.3% 

at 0.60 V. The deviation of the external quantum efficiency from 100% could be assigned to 
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current loss by recombination, incompletion absorption and reflection [16]. Compared to recent 

works [5] for the ZnS/CdS interfaces to reach ~55% at 400 nm, they should be inserted into a 

complex structure of stacked layers like Mo/CZTSe/CdS/ZnS/i-ZnO/ITO [5]. The work here show 

that by the insertion of 50 nm thick Au nanosheets, it is possible to achieve comparable values of 

external quantum efficiency without participation in a complicated structure.  
 

  
a) b) 

 

Fig. 4. (a) the responsivity and (b) the external quantum efficiency as function of reverse biased  

voltage for Yb/ZnS/Au/CdS/Au devices.   
 
 

4. Conclusions  
 

In the current study, we have shown that the structural parameters, the electrical and 

photodetection properties of stacked layers of ZnS and CdS could be enhanced via Au 

nanosandwiching.  Insertion of 50 nm thick layers of Au was sufficient to abruptly alter the 

physical nature and current conduction mechanisms in the heterojunction devices. A barrier height 

lowering and depletion width widening in the nanoscale level is achieved via Au nanosheets. The 

ZnS/Au/CdS stacked layers which are coated onto Yb thin film substrates displayed good 

photodetector characteristics in response to blue light lasers. The external quantum efficiency and 

light responsivity are sufficiently large nominating the Yb/ZnS/Au/CdS/Au devices for 

optoelectronic applications.  
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