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Abstract

:

This review summarizes all studies which used dielectric-based materials as a passivation layer at the rear surface of copper indium gallium (di)selenide, Cu(In,Ga)Se2, (CIGS)-based thin film solar cells, up to 2019. The results regarding the kind of dielectric materials, the deposition techniques, contacting approaches, the existence of additional treatments, and current–voltage characteristics (J–V) of passivated devices are emphasized by a detailed table. The techniques used to implement the passivation layer, the contacting approach for the realization of the current flow between rear contact and absorber layer, additional light management techniques if applicable, the solar simulator results, and further characterization techniques, i.e., external quantum efficiency (EQE) and photoluminescence (PL), are shared and discussed. Three graphs show the difference between the reference and passivated devices in terms of open-circuit voltage (Voc), short-circuit current (Jsc), and efficiency (η), with respect to the thicknesses of the absorber layer. The effects of the passivation layer at the rear surface are discussed based on these three graphs. Furthermore, an additional section is dedicated to the theoretical aspects of the passivation mechanism.
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1. Introduction


The energy coming from the sun has the highest potential energy of all renewable resources, and it is ~35,000 times higher than today’s energy needs on a yearly basis. Semiconductor-based technologies, i.e., photovoltaic (PV) technologies, are developed to convert this energy into electrical energy. Today, the dominant market share (95%) belongs to Silicon (Si) PV technologies [1]. However, considering the weight, rigidity, and processing restrictions of Si PV, alternative materials and technologies have been sought and developed over the years [2]. Thin film (TF) PV technology is an outcome of these researches, and among all TF PV technologies, Cu(In, Ga)Se2 (CIGS)-based solar cells have the highest cell and module efficiencies [3].



The basic structure of CIGS solar cells is given in Figure 1. The production step starts with a sputtering molybdenum (Mo) layer as an electrical back contact on soda-lime glass (SLG), metal, or polymer substrate. It is continued with the p-type CIGS absorber layer deposition by using co-evaporation, sputtering, or electro-deposition techniques. During the CIGS deposition, due to the formation of a MoSe2 layer, quasi-ohmic contact between the CIGS and the Mo layer is facilitated [2]. The production process of a CIGS solar cell continues with the deposition of the n-type buffer layer, generally cadmium sulfide (CdS). This process is completed with deposition of a transparent conducting oxide (TCO) window layer. In order to increase the efficiency, in some studies, an anti-reflection coating layer is also applied as a final touch [4].



As mentioned earlier, the biggest competitor of the CIGS solar cells is Si PV technology. In order to compete with high-efficiency and low-cost Si PV, the power conversion efficiency of CIGS solar cells should be increased, and the thickness of the absorber layer should be decreased [1]. Considering the fact that In and Ga are critical raw materials, reducing the thickness of the absorber layer has another positive outcome: decreasing the amount of In and Ga used. However, decreasing the thickness of the absorber layer causes insufficient absorption and the detrimental impact of back-surface recombination [5]. Consequently, the power conversion efficiency of the thin CIGS-based solar cells decreases. If the thickness of the absorber layer is decreased, the electrical quality of these solar cells, hence, the power conversion efficiency, should be kept the same or, if possible, improved.



The traditional way to enhance the electrical quality of the CIGS solar cell is gallium (Ga) grading. For thick absorber layers, the Ga gradient is in the neutral region of the absorber layer and creates a back surface field (BSF). If the absorber layers are thinner, they become completely depleted, and the BSF is created in the space charge region (SCR), improving Voc for thin absorber layers [6]. Ga grading is not a complete solution for passivation of the rear surface because an additional counteract electric field (E-field) occurs, which causes an overall weaker E-field in SCR [6]. Consequently, a new and improved solution to passivate the rear surface of CIGS solar cells was sought. Introducing a passivation layer with point openings that ensures electrical contact between the rear contact and the absorber layer is one of the solutions to this problem (Figure 2). In this paper, an overview of the papers that use this approach for rear surface passivation of CIGS solar cells to date is given.




2. Theoretical Aspects


As the creation of electron–hole pairs via photons is the fundamental principal of PV technology, the opposite mechanism, i.e., recombination, can cause a reduction in voltage (Voc). If the following formula (1) is examined, the effects of the recombination mechanism on Voc can be seen [7],


Voc=nkTqln(ILI0+1)



(1)




where n is the ideality factor, kT/q is the thermal voltage, IL is the light generated current, and I0 is the saturation current, which depends on the recombination velocities [7]. The rate of the surface recombination (Us), on the other hand, can be expressed as a function of interface defect density, Nit [8]. Its description is derived from the Shockley-Read-Hall (SRH) formalism:


Us=(nsps−ni2)vthNitns+n1σp+ps+p1σn



(2)




where σp/n is the hole and electron capture cross section, ps and ns are the hole and electron densities, vth is the thermal velocity of the electrons, n1 and p1 are statistical factors, and ni is the intrinsic carrier concentration [8]. Slight variations in the CIGS structure and bond angle cause surface defects, and therefore, formula (2) should be corrected. Changing the Nit term to the Dit (interface trap density) at the extended SRH formalism with an integral over the bandgap energies is a way to correct the formula (2) [8].



If formula (2) is taken into consideration, it can be clearly seen that reducing Us is possible by introducing a passivation layer. Two possible mechanisms will occur due to the implementation of this layer; these are chemical passivation and field-effect passivation. The total number of electrically active defects, i.e., dangling bonds, is decreased after the addition of the passivation layer. It is called the chemical passivation [9]. An implemented passivation layer, which has a high density of fixed charges (Qf), repels the minority carriers, i.e., reduces Us, by creating an electric field [10]. It is called field-effect passivation. Besides the reduction of the recombination rate, the dielectric layer also increases reflection at the rear surface for certain thicknesses [11]. In this way, the optical path length of the light is increased.




3. Dielectric-Based Passivation Layers


The overview of the studies using a dielectric material as the rear surface passivation layer for CIGS solar cells to date is given in the Table 1. This table introduces the type of the material that is used for passivation and the deposition techniques used for these layers as well as the required contacting approaches and the thickness of the absorber layer. The light management techniques, anti-reflection coating (ARC) layer applications, additional sodium (Na) supply, and gallium (Ga) grading are also given in this table. If any of these four approaches are applied or not applied in a given study, it is indicated with a plus sign (+) or with a minus sign (-), respectively. Table 1 also gives the average JV results of the devices that have a passivation layer.



After the creation of the passivation layer, the thickness of this layer was determined using high angle annular dark-field (HAADF) transmission electron microscopy (TEM) in [9], spectrally resolved ellipsometry in [12,13,16,17,24,25], TEM in [14,18], energy dispersive X-ray spectroscopy (EDX) in [15], scanning electron microscopy (SEM) in [11,19,20,22], profilometry in [5], and atomic force microscopy (AFM) in [23]. The thickness of the passivation layer should be chosen to be sufficiently thin (~1–2 nm) to allow tunneling if there is no contact opening approach applied to this layer.



In the following subsections, (3.1) approaches used to add the passivation layer, (3.2) contacting approaches, (3.3) light management techniques, (3.4) solar simulator results, and (3.5) other characterization techniques used for further analyses will be discussed.



3.1. Approaches Used to Add the Passivation Layer


In this sub-section, the type of materials that are used as passivation layers and the deposition techniques of these layers will be discussed. As shown in Table 1, in most of the studies, aluminum oxide (Al2O3) was used as a passivation layer. The popularity of this material comes from the Si PV community. Al2O3 is commonly used and is proven to be a successful passivation layer for Si solar cells in many studies like [26]. Al2O3 is also proven to be functional as a passivation layer for CIGS solar cells by reducing recombination losses at the rear metal contact of CIGS thin-film solar cells [27]. Unfortunately, it also acts as an electron and diffusion barrier layer, and thus prevents current flow and sodium (Na) diffusion from the SLG substrate. To trick the natural behavior of alumina layers, i.e., insulator (or barrier) layer, different techniques are used to make contact openings in this layer, which will be discussed in the following section.



In the studies that did not use Al2O3 as a passivation layer, silicon (SiO2) nanoparticles (NPs) or nano-meshes (NM), magnesium fluoride (MgF2) layers, or titanium oxide (TiO2) layers were implemented with various techniques to act as a passivation layer in combination with contact opening approaches (Table 1). Using SiO2 NPs [19], SiO2 NM [22], and MgF2 [11] as passivation layers was successful. However, using TiO2 as a passivation layer caused a reduction in Voc, fill factor (FF), and efficiency [5]. Hence, it was not a sufficient passivation layer yet.



Furthermore, in some of these studies, additional Na supply (only important for the studies using SLG as substrates), Ga grading, or additional light management techniques were used (Table 1).



In order to deposit the passivation layers, various techniques were used, such as atomic layer deposition (ALD), direct current (DC) sputtering, thermal evaporation, spin coating, e-beam evaporation, and chemical vapor deposition (CVD). The most commonly used technique is ALD. There are many advantages of ALD, such as creating a conformal layer with easily controllable layer thickness and a variety of materials that can be used. Spin coating is another easy and fast technique to create the passivation layer, yet this technique is not applicable to large scale materials. There is also a more technologically viable technique to create these layers, which is DC sputtering. DC sputtering is a highly versatile vacuum coating system used for the deposition of a variety of materials at any preferred scale, i.e., a technologically viable way.



Among all other studies that used Al2O3 as a passivation layer, only one study used this passivation layer alone, without using an additional contacting approach. In that study, it was proposed that using a very thin layer of Al2O3 rear surface passivation in combination with NaF deposition enhances the electrical characteristics of CIGS solar cells. In that study this surface passivation was claimed to allow tunneling [24] (Table 1).



In order to investigate the effects and influence of back surface passivation in CIGS solar cells, there are studies that used bi-facial thin CIGS solar cells [28,29,30]. For bi-facial solar cells, all characterizations are made from both the front and back side of the solar cell. In [30], atomic-layer-deposited Al2O3 was used for surface passivation, and lift-off processed CdS NPs were used to create nano-sized contact openings in this layer. At the end of this study, it was concluded that passivated solar cells gave a higher external quantum efficiency (EQE) response, both when measured from the front and from the rear side, and there was a minor improvement in Voc values.




3.2. Contacting Approach


In this sub-section, several contacting approach techniques which are mentioned in Table 1 will be discussed for the Al2O3 passivation layers. Due to the short diffusion length of CIGS carriers, the dimensions of the openings and the distance between them should be in the sub-micron range [9].



In the following studies [12,13,14,21,25], the contact openings were realized by chemical bath deposition (CBD) of CdS. The size, shape, and density of these particles are determined by the CBD parameters. The alumina layer is deposited on top of the particles. The CdS particles are then removed, leaving holes behind in the alumina layer. As the characteristics and morphologies of the particles are different from each other for the different studies, the outcomes of these studies are also different in terms of the effects on and/or enhancements of the electrical characteristics of the solar cells (Table 1).



Mo NPs generated by highly ionized pulsed plasma (HIPP) were also used as contacts in the Al2O3 passivation layer. Here, the alumina was deposited by DC sputtering. Because of the one-directional growth of the alumina layer, the Mo nanoparticles were not completely covered with alumina, leaving space for contacting. Although there is a minor improvement in power conversion efficiency of the ultra-thin CIGS solar cells, this approach is still open to optimization [15] (Table 1).



To generate the contact openings in the Al2O3 passivation layer, advanced techniques such as e-beam, nano-imprint, nano-sphere, or photolithography were used in the following studies [5,9,11,16,17,18,22,23]. Lithography is one of the most advanced techniques that is used for this purpose. It has advantages like creating the holes in a controlled shape, size, and density. However, it is an expensive technique for using it as an industrially viable technology. Using passivation layers with advanced opening techniques, i.e., lithography, results in improvements in electrical characteristics of both ultrathin and conventional CIGS solar cells (Table 1). In [11], different from the other studies, MgF2 (100nm) was used as a passivation layer together with Al2O3 and resulted in significant optical improvement due to enhanced reflectivity at the back contact.



Using dielectric nanoparticles between back contact and absorber layer is another approach for the rear surface passivation of CIGS solar cells. In [19] and [20], the dielectric patterns were applied by the technique described in [19] to passivate the back surface but at the same time allow current to pass between the rear contact and the absorber layers. Hence, the geometrical requirements to have a good electrical contact were satisfied in these studies [12].



Ultimately, one of the different techniques explained above can be a suitable strategy to use for contacting. It is only necessary to decide the length and the cost of the experiment before choosing the strategy.




3.3. Light Management Techniques at Back Contact


Light management in photovoltaic devices means giving the light another chance to be absorbed inside the solar cell, i.e., increasing the optical path length of the light. As mentioned in the previous section, using NPs is a convenient solution to manage the path of the light inside the solar cell by changing the direction of the light by reflection. The effect of the light management can clearly be seen in external quantum efficiency (EQE) and/or absorption measurements of the devices, which will be discussed in section v.



Another way to control the incoming light at the rear surface is to use an additional silver (Ag) back mirror or Ag NPs at the rear surface under the passivation layer. In [19], Sn:In2O3, indium tin oxide (ITO), was used as a back contact instead of Mo. ITO allows the use of a mirror on the glass substrate, different than Mo rear contact. In [19], SiO2 NPs were used as a passivation layer and an Ag mirror was used at the rear surface (ITO); hence, significant enhancements in Jsc and Voc values were measured. The improvement in Jsc values can also be clearly seen in EQE curves [19].



In [25], instead of Ag mirror, Ag NPs were used together with Al2O3 passivation layer. It is concluded in this study that using Ag NPs at rear surface enhanced the optical quality of the solar cell, and this can be seen through improved Jsc values and EQE curves. It is also concluded that this approach needs optimization because there should be a more homogeneous Ag NPs layer to help optical improvements.




3.4. Solar Simulator Results


In this sub-section, change in open circuit voltage (Voc), current density (Jsc) and power conversion efficiency (η) values of the CIGS solar cells, before and after the implementation of the passivation approaches, will be given in detail.



The Voc and Jsc, and the efficiency values of the studies given in Table 1 with respect to the thickness of the absorber layer are indicated in Figure 3 and Figure 4, for both reference and passivated devices.



For thick CIGS absorber layers (>800 nm), except for one study [24], the Voc was enhanced for all studies after the implementation of the passivation layer. For Jsc on the other hand, there were slight differences between reference and passivated devices for thick absorber layers (Figure 3).



For the thickest CIGS absorber layer, i.e., 1.89 µm, the difference between passivated and reference devices are hardly noticeable for Voc and Jsc, but there is still an improvement [16]. On the other hand, for the thinnest CIGS absorber layer, i.e., 240 nm, there are clear improvements in both Voc and Jsc, as expected [18].



The effects of the passivation mechanism are more observable for thinner CIGS absorber layers, as explained earlier. In order to address these effects, there are two yellow boxes in Figure 3. These boxes point out the interval between 0.3 µm and 0.5 µm. To make the outcomes of the studies in this interval clearer, the average of the Voc and Jsc of the reference and passivated devices is given with the star icons. The green stars belong to the passivated devices and the blue stars belong to the reference devices (Figure 3).



According to the difference between blue (reference) and green (passivated) star icons in Figure 3a, introducing the passivation layer boosted the Jsc for thin/ultra-thin CIGS solar cells. Displayed as blue (reference) and green (passivated) star icons in Figure 3b, the gain in Voc can easily be observed for thin and ultra-thin CIGS solar cells. There are few outliers in the graphs that can be discussed. The first one is [17]. In this study, for the device which has a 600 nm thick absorber layer, they used low In and flat Ga. Hence, the Jsc is low for both the reference and the passivated device (~15 mA/cm2 and ~18 mA/cm2, respectively). Although the Jsc was improved significantly after the implementation of the passivation layer, it was still lower than almost all of the other studies given in Table 1. The second outlier we want to discuss is [24], which used a 1 µm CIGS absorber layer. In this study, the Voc values before and after the addition of the passivation layer were slightly lower than other studies that had thicker absorber layers, due to the lack of Na. In [24], for the reference sample, there was not an additional Na supply to enhance Voc. For the passivated device, additional Na supply and Al2O3 as a passivation layer were not sufficient to enhance Voc (Figure 3b). On the contrary, they were sufficient enough to enhance the Jsc (Figure 3a).



After examining Figure 3, it can be concluded that after introducing a passivation layer with point contact openings, the electrical and/or optical properties of the CIGS solar cells were improved. The quality of the solar cells can be determined by FF. After adding the passivation layer, a good FF indicates that the contacting area is well-defined. However, a low FF shows the need for optimization in the passivation layer [9]. FF was positively affected for nearly all the studies given in Table 1. For few studies, like [15], it was decreased due to the increase in series resistance and shunt conductance.



The effect of the passivation layer on the efficiency of both conventional and ultra-thin CIGS solar cells is given in Figure 4. Figure 4 indicates the efficiency of the passivated and reference CIGS solar cells with respect to the thickness of the absorber layer for all the studies given in Table 1.



After the addition of the passivation layer with point contact openings, the power conversion efficiencies of both conventional and ultrathin CIGS solar cells were increased in nearly all studies given in Table 1. However, considering Figure 4, the difference between passivated and un-passivated cells becomes apparent for the thinner (<800 nm) cells. It is seen that for some cases the power conversion efficiency of ultrathin CIGS solar cells reached up to 14% after the addition of the passivation layer. This value is nearly equal to the average power conversion efficiency of conventional unpassivated CIGS solar cells (Figure 4).



It is a well-known fact that the efficiency values of ultra-thin CIGS solar cells are still way too low from the record efficiency of conventional CIGS solar cell. However, the aforementioned studies have proven that the addition of the passivation layer on the rear contact is a promising technique to achieve higher values, i.e., record efficiencies.




3.5. Other Characterization Techniques for Further Characterizations


In order to examine the effect of the passivation layer, photoluminescence (PL) and external quantum efficiency (EQE) measurements were done besides solar simulator measurements.



PL is often used to reach a qualitative conclusion of the effect of the passivation layer, especially the influence of both radiative and non-radiative defects [9]. Under the influence of non-radiative recombination, the PL yield decreases [5]. CIGS solar cells that have a passivation layer have a narrower PL curve and/or higher PL intensity than reference/un-passivated solar cells. In [9], according to the authors, the smaller peak width of the PL response from the Al2O3 passivated solar cells can be used as proof that the Al2O3 layer was passivating the rear surface of CIGS solar cells.



Rear surface passivation leads to an increase in Voc, as explained earlier, and Jsc due to an increase in rear internal reflection (Rb). EQE measurement is another commonly used technique to prove the improvements in the carrier collection of the passivated cells compared with reference/un-passivated cells [14]. The effect of the passivation layer on EQE is more significant for ultra-thin CIGS solar cells due to the unabsorbed photons that get a second chance to be absorbed after being reflected back into the absorber layer. For thicker samples, where all photons are absorbed after one pass in the absorber layer, the increase in EQE can be explained by a longer minority carrier diffusion length and/or a large space charge region, which makes it possible to collect the additional generated carriers in back of the thick samples [17].





4. Conclusions


After the realization of the importance and positive effects of implementation of the passivation layer at rear contact for both conventional and ultra-thin CIGS solar cells, nearly thirty studies were published which only focus on the rear surface passivation of CIGS solar cells.



To conclude, remarkable progress has been made in creating dielectric-based rear contact passivation strategies for CIGS solar cells. A cell efficiency of 18.1% has been achieved with the conventional, i.e., 1.89 µm thick absorber layer, CIGS solar cell which has a 5 nm thick atomic-layer-deposited Al2O3 passivation layer with contact openings realized with photo-lithography [16]. For ultra-thin, i.e., 0.4 µm thick absorber layer, CIGS solar cells, the highest efficiency value, 13.5%, was realized in [14]. In this study, a 5 nm thick atomic-layer-deposited Al2O3 passivation layer was used in combination with a 100 nm thick MgF2 layer. There are some techniques, like CBD of CdS NPs, ALD of Al2O3 etc., which were used as a proof of concept but can still be optimized and resulted in enhanced electrical and optical characteristics of the CIGS solar cells but with Voc still far below the results for thick CIGS solar cells. The highest Voc for thin CIGS was achieved for lithography [17]. However, additional Na has a considerable effect on Voc, and it is not always easy to reveal the effect of passivation layer alone. Nevertheless, there are still a lot of approaches that need optimization like using very thin passivation layers to allow tunneling or using different oxides, such as TiOx, HfOx, etc., as a passivation layer [31,32]. Furthermore, passivation layers combined with light management techniques, like using Ag NP metallic mirrors below the passivation layers, require some improvements. In the near future, undoubtedly, most of these approaches will be optimized and many other approaches will be invented. From an industrial point of view, producing a highly efficient, low-cost CIGS solar cell is important to meet the need of building integrated photovoltaic technology (BIPV). Using the abovementioned approaches to passivate the rear surface of the CIGS solar cells, i.e., to increase the power conversion efficiency, it is more likely to increase the demand of the CIGS solar cells in industry.
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Figure 1. Detailed structure of conventional Cu(In,Ga)Se2 (CIGS) solar cell with examples of the most commonly used materials, adapted from [4]. 
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Figure 2. Transmission electron microscopy (TEM) image of Al2O3-passivated CIGS solar cell that has nano-sized local point contacts in passivation layer [14]. 
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Figure 3. (a) Current density (Jsc) and (b) open circuit voltage (Voc) values, before and after introducing the passivation layer, with respect to thickness of the absorber layer. The yellow boxes are given to guide the eye. The green and blue stars represent the average values of passivated and reference devices in the given interval, respectively. 
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Figure 4. Average power conversion efficiency (%) of CIGS solar cells with respect to thickness of the absorber layer before and after the addition of passivation layer. The green and purple ovals are given to guide the eye. 
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Table 1. Overview of the studies about rear surface passivation of CIGS solar cells up to 2019, including the dielectric layers, deposition techniques of these layers, contacting approaches, additional light management strategies, anti-reflection coating (ARC) application, additional Na supply, Ga grading, thicknesses of the absorber layers (tCIGS), and average solar simulator results of rear passivated solar cells.
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Dielectric and Its Thickness

	
Deposition Technique

	
Contacting Approach

	
Light Management

	
ARC

	
Na Supply

	
Ga Grading

	
tCIGS (µm)

	
Average




	
Voc (mV)

	
Jsc (mA/cm2)

	
FF (%)






	
Al2O3-18 nm [9]

	
ALD

	
e-beam lithography

	
-

	
-

	
+

	
+

	
0.35

	
627 ± 11

	
21.56 ± 1

	
71.8 ± 3.3




	
Al2O3-2 nm [12]

	
ALD

	
CBD of CdS NPs

	
-

	
-

	
+

	
+

	
1.50

	
638 ± 3

	
30 ± 0.6

	
78.8 ± 0.3




	
Al2O3-5 nm [13]

	
ALD

	
CBD of CdS NPs

	
-

	
-

	
+

	
+

	
0.48

	
650 ± 5

	
22 ± 1

	
-




	
Al2O3-5 nm [13]

	
ALD

	
CBD of CdS NPs

	
-

	
-

	
+

	
+

	
1.58

	
635 ± 5

	
30 ± 1

	
78.8




	
Al2O3-25 nm [14]

	
DC Sputtering

	
CBD of CdS NPs

	
-

	
+

	
+

	
-

	
0.4

	
624 ± 2

	
29 ± 0.4

	
72.6 ± 0.5




	
Al2O3-50 nm [14]

	
DC Sputtering

	
CBD of CdS NPs

	
-

	
+

	
+

	
-

	
0.4

	
644 ± 6

	
30.2 ± 0.8

	
67.8 ± 1.7




	
Al2O3-5 nm [14]

	
ALD

	
CBD of CdS NPs

	
MgF2

	
+

	
+

	
-

	
0.4

	
633 ± 2

	
31.1 ± 0.1

	
68.7 ± 1.9




	
Al2O3-(10/15) nm [15]

	
DC Sputtering

	
(HIPP) Mo NPs

	
Mo NPs *

	
-

	
+

	
-

	
0.35

	
508 ± 39

	
22.1 ± 0.4

	
57 ± 3




	
Al2O3-(10/15) nm [15]

	
DC Sputtering

	
(HIPP) Mo NPs

	
Mo NPs *

	
+

	
+

	
+

	
0.38

	
530 ± 31

	
25.7 ± 0.4

	
65 ± 2




	
Al2O3-5 nm [16]

	
ALD

	
Photo-lithography

	
-

	
+

	
-

	
-

	
1.89

	
737 ± 22

	
32.3 ± 1.6

	
76.6 ± 0.9




	
Al2O3-5 nm [16]

	
ALD

	
Photo-lithography

	
-

	
+

	
-

	
-

	
0.38

	
644 ± 22

	
23.8 ± 2.1

	
66.7 ± 1.5




	
Al2O3- 27 nm [17]

	
ALD

	
e-beam lithography

	
-

	
-

	
+

	
+

	
0.60

	
732 ± 3

	
18.8 ± 0.4

	
68 ± 3




	
Al2O3- 27 nm [17]

	
ALD

	
e-beam lithography

	
-

	
-

	
+

	
+

	
0.85

	
721 ± 10

	
20 ± 0.2

	
69 ± 0




	
Al2O3- 27 nm [17]

	
ALD

	
e-beam lithography

	
-

	
-

	
+

	
+

	
1.45

	
747 ± 4

	
22.9 ±