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SUMMARY: 33 
In this protocol, we describe the detailed experimental procedure for the fabrication of a robust 34 
nanoscale contact between a silver nanowire network and CdS buffer layer in a CIGS thin-film 35 
solar cell. 36 
 37 
ABSTRACT: 38 
Silver nanowire transparent electrodes have been employed as window layers for Cu(In,Ga)Se2 39 
thin-film solar cells. Bare silver nanowire electrodes normally result in very poor cell 40 
performance. Embedding or sandwiching silver nanowires using moderately conductive 41 
transparent materials, such as indium tin oxide or zinc oxide, can improve cell performance. 42 
However, the solution-processed matrix layers can cause a significant number of interfacial 43 
defects between transparent electrodes and the CdS buffer, which can eventually result in low 44 
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cell performance. This manuscript describes how to fabricate robust electrical contact between 45 
a silver nanowire electrode and the underlying CdS buffer layer in a Cu(In,Ga)Se2 solar cell, 46 
enabling high cell performance using matrix-free silver nanowire transparent electrodes. The 47 
matrix-free silver nanowire electrode fabricated by our method proves that the charge-carrier 48 
collection capability of silver nanowire electrode-based cells is as good as that of standard cells 49 
with sputtered ZnO:Al/i-ZnO as long as the silver nanowires and CdS have high-quality electrical 50 
contact. The high-quality electrical contact was achieved by depositing an additional CdS layer as 51 
thin as 10 nm onto the silver nanowire surface. 52 
 53 
INTRODUCTION: 54 
Silver nanowire (AgNW) networks have been extensively studied as an alternative to indium tin 55 
oxide (ITO) transparent conducting thin films due to their advantages over conventional 56 
transparent conducting oxides (TCOs) in terms of lower processing cost and better mechanical 57 
flexibility. Solution-processed AgNW network transparent conducting electrodes (TCEs) have 58 
thus been employed in Cu(In,Ga)Se2 (CIGS) thin-film solar cells1–6. Solution-processed AgNW TCEs 59 
are normally fabricated in the form of embedded-AgNW or sandwich-AgNW structures in a 60 
conductive matrix such as PEDOT:PSS, ITO, ZnO, etc.7–11 The matrix layers can enhance that the 61 
collection of the charge carriers present in the empty spaces of the AgNW network. 62 
 63 
However, the matrix layers can generate interfacial defects between the matrix layer and 64 
underlying CdS buffer layer in CIGS thin-film solar cells12,13. The interfacial defects often cause a 65 
kink in the current density-voltage (J-V) curve, resulting in a low fill factor (FF) in the cell, which 66 
is detrimental to solar cell performance. We previously reported a method to resolve this issue 67 
by selectively depositing an additional thin CdS layer (2nd CdS layer) between the AgNWs and the 68 
CdS buffer layer14. The incorporation of an additional CdS layer enhanced the contact properties 69 
in the junction between the AgNW and CdS layers. Consequently, the carrier collection in the 70 
AgNW network was greatly improved, and the cell performance was enhanced. In this protocol, 71 
we describe the experimental procedure to fabricate robust electrical contact between the 72 
AgNW network and the CdS buffer layer using a 2nd CdS layer in a CIGS thin-film solar cell. 73 
 74 
PROTOCOL: 75 
 76 
1. Preparation of Mo-coated glass by DC magnetron sputtering 77 
 78 
1.1. Load cleaned glass substrates into a DC magnetron and pump down to below 4 x 10-6 Torr. 79 
 80 
1.2. Flow Ar gas and set the working pressure to 20 mTorr. 81 
 82 
1.3. Turn on plasma and increase the DC output power to 3 kW. 83 
 84 
1.4. After pre-sputtering of 3 min for target cleaning, begin the Mo deposition until the Mo film 85 
thickness reaches approximately 350 nm. 86 
 87 
1.5. Set the working pressure to 15 mTorr while maintaining the same output power (i.e., 3 kW). 88 



   

 
 

 89 
1.6. Resume the Mo deposition until the total thickness of Mo reaches approximately 750 nm. 90 
 91 
2. CIGS absorber layer deposition by means of a three-stage coevaporation 92 
 93 
2.1. Load Mo-coated glass into a preheated co-evaporator under a vacuum lower than 5 x 10-94 
6 Torr. 95 
 96 
2.2. Set the temperatures of In, Ga, and Se effusion cells yielding deposition rates of 2.5 Å/s, 97 
1.3 Å/s, and 15 Å/s, respectively.  98 

 99 
2.2.1. Check the deposition rates using the quartz crystal microbalance (QCM) technique. The 100 
deposition rates are dependent on the set temperature of effusion cells and the amount of 101 
materials in the effusion cells. 102 
 103 
2.3. Begin to supply In, Ga and Se onto the Mo-coated glass to form a 1 μm-thick (In,Ga)xSey 104 
precursor layer at the substrate temperature of 450 °C. The deposition time is 15 min (namely, 105 
1st stage). 106 
 107 
2.4. Stop the In and Ga supplies and increase the substrate temperature to 550 °C.  108 
 109 
2.5. Begin to supply Cu (deposition rate: 1.5 Å/s) onto the (In,Ga)xSey precursor and continue 110 
until the Cu/(In + Ga) compositional ratio of the film reaches 1.15. Note that the Se deposition 111 
rate is maintained at 15 Å/s through the 2nd stage (namely, 2nd stage). 112 
 113 
2.6. Stop supplying Cu and evaporate In and Ga again with the same deposition rates as the 1st 114 
stage to finally form an approximately 2 μm-thick CIGS film with Cu/(In+Ga) compositional ratio 115 
of 0.9. Maintain the Se deposition rate and substrate temperature at 15 Å/s and 550 °C, 116 
respectively. The deposition time of this stage is 4 min (namely 3rd stage). 117 
 118 
2.7. In order to ensure a complete reaction, anneal the deposited CIGS film under ambient Se 119 
(15 Å/s) for 5 min at the substrate temperature of 550 °C.  120 
 121 
2.8. Cool down the substrate temperature to 450 °C under ambient Se (15 Å/s) and then unload 122 
the CIGS-deposited substrate when the substrate temperature is below 250 °C. 123 
 124 
3. Growth of the CdS buffer layer on the CIGS absorber layer using a chemical bath deposition 125 
(CBD) method 126 
 127 
3.1. Prepare the CdS reaction bath solution in a 250 mL beaker by adding 97 mL of DI water, 128 

0.079 g of Cd(CH3COO)2·2H2O, 0.041 g of NH2CSNH2, and 0.155 g of CH3COONH4. Stir the solution 129 
for several minutes to mix. Make sure that all added solutes are completely dissolved. 130 
 131 
3.2. Add 3 mL of NH4OH (28% NH3) into the bath solution and stir the solution for 2 min. Figure 132 



   

 
 

1 shows the experimental setup of CBD for CdS. 133 
 134 
3.3. Put the CIGS sample into the reaction bath solution using a Teflon sample holder. 135 
 136 
3.4. Put the reaction bath into the water-heat bath maintained at 65 °C and stir the reaction bath 137 
solution at 200 rpm using a magnetic bar during the deposition process. 138 
 139 
3.5. React for 20 min to generate an approximately 70 to 80 nm CdS buffer layer on the CIGS. 140 
 141 
3.6. After the reaction, remove the sample from the reaction bath, wash with a flow of DI water, 142 
and dry with N2 gas. 143 
 144 
3.7. Anneal the sample at 120 °C for 30 min on a hot plate. 145 
 146 
4. Fabrication of the AgNW TCE network 147 
 148 
4.1. Prepare a diluted AgNW dispersion (1 mg/mL) by mixing 19 mL of ethanol with 1 mL of a 149 
purchased ethanol-based AgNW dispersion (20 mg/mL). 150 
 151 
4.2. Pour 0.2 mL of the diluted AgNW dispersion onto a CdS/CIGS sample (2.5 cm x 2.5 cm) to 152 
cover the whole surface of the sample and rotate the sample with 1,000 rpm for 30 s. 153 
 154 
4.3. Repeat step 4.2 as needed to achieve the desired optical and electrical properties. Spin-coat 155 
the AgNWs 3x. A scanning electron microscopy (SEM) image of spin-coated AgNW TCE is shown 156 
in Figure 2. 157 
 158 
4.4. After spin-coating, anneal the sample at 120 °C for 5 min on a hot plate. 159 
 160 
5. Deposition of the 2nd CdS layer 161 
 162 
5.1. Prepare a new CdS reaction bath solution as described in step 3.1. 163 
 164 
5.2. Deposit CdS as in section 3, except change the reaction time as necessary. 165 
 166 
NOTE: We optimized the reaction time, and 10 min resulted in the CIGS device with the best 167 
performance. The effect of 2nd CdS deposition time on a CIGS thin film solar cell device 168 
performance can be found in our previous work14. 169 
 170 
6. Characterization techniques 171 
 172 
6.1. Characterize the surface and cross-sectional morphology of AgNWs and CdS-coated AgNWs 173 
by field emission SEM and transmission electron microscopy (TEM). 174 
 175 
6.2. Measure solar cell performance using a current-voltage source equipped with a solar 176 



   

 
 

simulator (1,000 W/m2, AM1.5G). 177 
 178 
REPRESENTATIVE RESULTS 179 
The layer structures of the CIGS solar cells with (a) standard ZnO:Al/i-ZnO and (b) AgNW TCE are 180 
shown in Figure 3. The surface morphology of CIGS is rough, and a nanoscale gap can form 181 
between the AgNW layer and the underlying CdS buffer layer. As highlighted in Figure 3A, the 2nd 182 
CdS layer can be selectively deposited onto the nanoscale gap to create a stable electrical 183 
contact. The detailed explanation on the formation of electrical contact and enhancement of 184 
electrical properties and device performance can be found in the reference 14. The structural 185 
analysis of AgNW and CdS junction including cross sectional SEM and TEM, and corresponding 186 
elemental mapping can also be found in the reference 14. 187 
 188 
Figure 4 shows the cross-sectional TEM images (a) along the 2nd CdS layer deposited on the AgNW 189 
network on the CdS/CIGS structure and (b) across the 2nd CdS layer deposited on the AgNW 190 
network. The CdS/CIGS structure shows a rugged surface morphology due to the granular 191 
structure of CIGS. Hence, bare AgNWs are suspended in air, and stable electrical contact with the 192 
CdS buffer layer cannot be expected. The 2nd CdS layer is uniformly deposited on the surface of 193 
the AgNWs, and the CdS layer on the core-shell AgNW (Ag@CdS NW) structure is produced as 194 
shown in Figure 4B. Furthermore, the 2nd CdS layer fills the air gaps between the CdS buffer layer 195 
and the AgNW layer, as shown in the inset of Figure 4A, and stable electrical contact is achieved. 196 
 197 
Figure 5 and Table 1 show the device performance of a CIGS thin-film solar cell with bare AgNW 198 
and Ag@CdS NW TCEs. Due to unstable electrical contact, the cell with bare AgNWs has poor 199 
device performance. Deposition of a 2nd CdS layer greatly enhances the cell performance, as 200 
shown in the J-V characteristics in Figure 5. The cell with the Ag@CdS NW TCE showed a greater 201 
than 50% increase in device efficiency and FF compared to the bare AgNW TCE. 202 
 203 
FIGURE AND TABLE LEGENDS: 204 
 205 
Figure 1: Chemical bath deposition setup. An image of the experimental setup for chemical bath 206 
deposition of CdS on CIGS. 207 
 208 
Figure 2: An SEM image of the AgNW TCE. The SEM image shows the spin-coated AgNW TCE on 209 
the CdS/CIGS/Mo structure. 210 
 211 
Figure 3: Schematic diagram of CIGS thin-film solar cells. Layer structure of a CIGS thin-film solar 212 
cell with (A) ZnO:Al/i-ZnO TCO and (B) AgNW TCE with a 2nd CdS layer. 213 
 214 
Figure 4: Structural analysis of Ag@CdS NW. (A) Cross-sectional TEM image along a Ag@CdS NW 215 
on a CdS/CIGS structure and (B) high-resolution TEM image across a Ag@CdS NW. 216 
 217 
Figure 5: Device performance comparison. J-V characteristics of CIGS thin-film solar cells with 218 
bare AgNW and Ag@CdS NW TCEs. 219 
 220 



   

 
 

Table 1: Device performance data. A summary of the device performance derived from the J-V 221 
curves. 222 
 223 
DISCUSSION: 224 
Note that the deposition time of the 2nd CdS layer must be optimized to achieve the optimal cell 225 
performance. As the deposition time increases, the thickness of the 2nd CdS layer increases, and 226 
consequently, the electrical contact will improve. However, further deposition of the 2nd CdS 227 
layer will result in a thicker layer that reduces light absorption, and the device efficiency will 228 
decrease. We achieved the best cell performance with 10 min of deposition time for the 2nd CdS 229 
layer and determined that the cell efficiency decreased with longer deposition times. 230 
 231 
To evaluate our method, we compared the device performance of the Ag@CdS NW-based CIGS 232 
solar cell with that of a standard CIGS solar cell with a sputtered ZnO:Al/i-ZnOl TCO, as described 233 
in Figure 3A14. The J-V characteristics were nearly equal, and the overall device performances 234 
were very similar. This result proves that our solution process method can produce a high-235 
performance thin-film solar cell. 236 
 237 
Various methods have been applied to enhance the electrical properties of AgNW TCE including 238 
the incorporation of conducive matrix. The method described in this protocol is simple and 239 
effective to enhance the electrical contact property between AgNWs and underlying CdS buffer 240 
layer in CIGS thin film solar cell. Due to the enhanced contact property, the solar cell performance 241 
is greatly improved. The method is designed to apply to the CdS/CIGS system but is not limited 242 
to the CdS/CIGS system. When an appropriate CBD method is created, our method can be applied 243 
to create high-quality electrical contact between AgNWs and the buffer layer in chalcogenide 244 
thin-film solar cells. 245 
 246 
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Cell VOC (V)
JSC 

(mA/cm2)

Efficiency 

(%)
FF (%)

Bare 

AgNW 

TCE

0.60 29.5 7.9 44

Ag@CdS 

TCE
0.65 32.3 14.2 67.2
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Name of Material/ Equipment Company Catalog Number Comments/Description

Mo Materion Purity: 3N5 Mo sputtering

Cu 5N Plus Purity: 4N7 CIGS deposition

In 5N Plus Purity: 5N CIGS deposition

Ga 5N Plus Purity: 5N CIGS deposition

Se 5N Plus Purity: 5N CIGS deposition

Ammonium acetate Alfa Aesar 11599 CdS reaction solution

Ammonium hydroxide Alfa Aesar L13168 CdS reaction solution

Cadmium acetate dihydrate Sigma-Aldrich 289159 CdS reaction solution

Thiourea Sigma-Aldrich T8656 CdS reaction solution

Silver Nanowire ACSMaterial AgNW-L30 AgNW dispersion
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the publisher of The Joυ r/,α I o/ l/''sυ αIIzed Eχ perlΠ●eΠ
's,˙''Mater¡ a's'' rrleans the Art¡ cle and / or the Video; ''Part¡ es''

means the Author and 」oVEj ''V¡ deo'' n^'eans any video(s) nㄱ ade

by the Author, a'one or ¡ n conjunction with any other part¡ es,

or by Joν E or its aff"iates or agents, ¡nd¡ v¡ dua"y or in

coIIaboration with the Author or any other parties,

incorporat¡ ng aⅡ or any portion of the Artide, and in which the

Author rr'ay or may not appear.

612s42 6

2. 旦흐으Kg드으보旦ㅛ. The Author, who is the author of the Article,

in order to elㄱ sure the d¡ ssen^'inatiol˙
' and protect¡

on of the

Art'de, des¡ res to have the JoVE pu비 ish the Artide and create

and transη˙
'it v'deos based on the Artide. In furtherance of

such go섧 s, the Pa rt¡ es desire to rr'emori히 ¡ze in th¡ s Agreen^1ent

the respect¡ ve r¡ ghts of each Party ¡n and to the Art¡ de and the

Video.

3. ⊆旦쁘ㅛ旦뵤ㅛ으ㅛ꼬뵤으느. ln consideration ofJoVE agree¡ ng

to pu비 ish the Artide, the Author hereby grants to 」oV'E,

subject to Sect¡ ons 4 and 7 below, the exclusiν e, royaltν'-free,

perpetual (for the fuII term of copy˙ right in the Art¡ cle,

¡nclud¡ ng any˙  e×tensions thereto) license (a) to publish,
reproduce, distr¡ bute, display and store the Article ¡n aI' forms,

formats and nㄱ edia whether now known or hereafter
developed (induding w¡ thout Iim¡ tation in print, digit히  and

electronic fornㄱ ) throughout the world, (b) to translate the
Artide into other languages, create adaptations, sum η

'aries or
e×tracts of the Art¡ cle or other Derivat¡ ve Works ('ncluding,

without l¡ rnitation, the Video) or Co' lective Works based on aII

or any portion of the Art¡ cle and exercise all of the rights set

forth in (a) above ¡n such translations, adaptations,
surr' mar¡ es, extracts, Der¡ νative Worl〈 s or CoI Iect¡ ve Worl〈 s and
(c) to '¡ cense others to do any or aⅡ  of the above. The
foregoing rights may be exerc¡ sed in aII med¡ a and formats,

whether now known or hereafter devised, and include the

right to rnake such modif¡ cations as are technicaⅡ y' necessary

to exercise the r¡ ghts in other med¡ a and formats. Ifthe '‘ Open
Access'' box has been checked ¡ n 'tem l above, JoVE and the

Author hereby gra nt to the publ¡ c all such rights in the Article

as provided ¡n, but subject to aII I¡
'˙'ㄱ

itat¡ ons and requ¡ rements

set forth ¡n, the CRC License.

Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);JoVE_Author_License_Agreement.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1031999&guid=c5f60141-2287-450d-b6f0-6154bf1024fa&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031999&guid=c5f60141-2287-450d-b6f0-6154bf1024fa&scheme=1
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4. 旦쁘으旦보으ㅗ⊇f-—旦빈ㅛ노」Lㅛ」」으. Notwithstand¡ ng the
exclus¡ ve Iicense gra nted to JoVE in Sect¡ on 3 above, the

Author sha Ⅱ, w¡th respect to the Art¡ de, retain the no1ㄱ
—

exdus¡ ve r¡ ght to use 에 or part of the Art¡ de for the non—

corr'ηㄱerci섧 purpose of giv¡ ng Iectures, presentat¡ orㄱ s or

teaching classes, and to post a copy˙
 of the Article on the

I nst¡ tut¡ on's website or the Author' s personal webs¡ te, ¡ n each

case prov¡ ded that a link to the Art¡ cle on the 」oVE website is

provided and notice of JoVE's copν ṙight in the Article ¡s

included. AII non—copyright ¡ nteilectual property rights in and

to the Article, such as patent rights, shaII remain with the

Author.

5. Gr旦nt of Rights 」n Vi」으o Ξ二St旦 ndard Access. This Section 5

app1¡ es if the ‘‘Standard Access'' box has been checked in 'tem

l above or ¡f no bo× has been checl〈 ed in 'tenㄱ l above. ln

cons¡ derat¡ on of 」oVE agree¡ ng to produce, display or
otherw¡ se ass¡ st with the V¡ deo, the Author hereby
acknowledges and agrees that, Subject to Sect¡ on 7 below,

」oVE ¡s and shall be the sole and exclusive owner of aII rights of

any˙
 nature, includ¡

ng, without l¡ nㄱ¡tation, all copyrights, ¡n and

to the νideo. To the extent that, by !aw, the Author ¡s

deemed, now or at any t¡ me in the future, to have any r¡ ghts

of any nature ¡n or to the Video, the Author hereby d¡ scla¡ nㄱ s

aII such r¡ ghts and transfers all such r¡ ghts to JoVE.

6. Gr호 nt of R⊥조hts ¡n ν뾰요。 == O⊇오n=△cc으ss. Th¡ s Section 6

appl¡ es oⅲ y if the "Open Access" box has been checked in

'te"˙' l above. In consideration of 
」oVE agreeing to produce,

display or otherwise assist w¡ th the V¡deo, the Author hereby

grants to 」oν E, subject to Sect¡ on 7 b이 ow, the exclusive,

roy˙ alty— free, perpetual (for the full term of copyright in the

Article, including any extensions thereto) 1icense (a) to publish,

reproduce, distribute, d¡ splay and store the Video ¡n a‖  forms,

forηㄱats and n''edia whether now known or hereafter
developed (including without Ii“

'itation 
¡n pr'nt, dig¡ tal and

electron¡ c form) throughout the world, (b) to translate the

V¡ deo ¡nto other Ianguages, create adaptat¡ ons, sum'、r'aries or

extracts of the V¡ deo or other Der¡ vative Worl〈 s or Co‖ ect¡ve

Works based on ㎻ or ar''y portion of the V¡ deo and exercise a Ⅱ

of the r¡ ghts set forth in (a) above in such translations,

adaptat¡ ons, surn n^'ar¡ es, extracts, Derivative Worl〈 s or

Collective Works and (c) to I¡ cense others to do any or a'' of

the above. The forego¡ ng rights rr'ay be exerc¡ sed in all media

and formats, whether now known or hereafter devised, and

indude the right to mal<e such n˙
'odificat¡

ons as are technic제 y

necessary to exerc¡ se the rights ¡n other n˙
'edia and forη

ㄱats.

For any V¡ deo to which this Sect¡ on 6 is applicable, JoVE and

the Author hereby grant to the public aII such r¡ ghts in the

Video as provided in, but subject to alI !¡ nㄱ itat¡ons and

requirenlents set forth in, the CRC License.

7. 요으쁘王n쁘으nt Em으⊥≥포쁘흐. lf the Autho'' ¡s a United States

government employee and the Article was prepared ¡n the

course of h¡ s or her duties as a Un¡ ted States government

employee, as indicated in 'tem Z above, and any of the

Iicenses or grants granted by the Author hereunder exceed the

scope of the 17 u.s.c. 403, then the rights granted hereunder

sh㎻ be Iirnited to the rnaximum r¡ ghts perm¡ tted under such

f.I2542 6
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statute. In such case, aⅡ  provisions contained here¡ n that are

not ¡n confl¡ ct w¡ th such statute shaII rer˙ na¡n ¡n fuII force and

effect, and aII provisions conta¡ ned herein that do so conflict shall

be deeη ''ed to be amended so as to prov¡ de to JoVE the ηlax¡ n^'un˙
'

r¡ ghts permissib'e with¡  n such statute.

8. 모쁘뜨쁘으므=으里ㅗ노르⊥쪼뜨으」으 The Aι1thor(s) authorize ∫
oVE to take

steps il1 the Author(s) I,aⅡle and on their behalfC if 丁oVE believes

some third party could be infringing or might infringe the

copyright of either the Aι
'thor’
s Artide and/or Video.

9. L¡ keness, Priva으 뇨 Personalㅛ y. The Author hereby grants JoVE

the r¡ght to use the Author's name, vo¡ ce, likeness, picture,

photograph, irr'age, biography and performance ¡n any way,

con^'rnercial or otherw¡ se, in connection w¡ th the Materials

and the sale, promotion and distribution thereof. The Author

hereby wa¡ ves any and aII r¡ ghts he or she may haν e, relat¡ng to

his or her appearance in the V¡ deo or otherw¡ se relating to

the Materi섧 s, under aⅡ  applicable pr¡ vacy, Iikerㄱ ess, person해 ity

or si“lilar laws.

ㅣ 0. 스브브프브—쁘 쁘므므브으흐. The Author represents and warrants that

the Art¡ de is origin섧 , that ¡t has not been published, that the

copyright interest ¡s owned by the Author (or, ¡f rnore than one

author is Iisted at the beg¡ nn¡ ng of th¡ s Agreement, by such

authors coIIect¡ vely) and has not been ass¡ gned, Iicensed, or

otherwise transferred to any other pa''ty. The Author
represents and warrants that the author(s) !isted at the top of this

Agreerr'ent are the only authors of the Materials. If more than one

author is listed at the top of this Agreement and if any such

author has not entered into a separate Art¡ cle and Video License

Agreement w¡ th 」oVE relating to the Mater¡ als, the Author
represents and warrants that the Author has been author¡ zed by

each of the other such authors to execute this Agreeη ㄱent on his

or her behalf and to bind him or her w¡ th respect to the terms of

this Agreement as if each of theη ㄱ had been a party hereto as an

Author. The Author warrants that the use, reproduction,
distribution, public or private performance or display, and/

or rr'odif¡ cation of a1 0r any portion of the Mater¡ 섧s does not

and wiII not violate, infringe and/or m¡ sappropriate the patent,

trademark, inteIIectual property or other r¡ ghts of any th¡ rd

party. The Author represents and warrants that it has and

w¡ ll continue to compiy w¡ th a‖  government, inst¡ tution히

and other regulations, indud¡ ng, w¡ thout I¡ mitation all

¡nstitut¡ on섧 , laboratory, hosp¡ t히 , eth¡ c섧, human and anim섧
treatrr'ent, privacy, and aII other rules, regulations, laws,

procedures or gu¡ d이¡nes, applica어 e to the Materi섧 s, and that aⅡ

research involv¡ ng hurnan and animal subjects has been approved

by the Author's r이 eva nt institution섧 rev¡ ew board.

11. Joν E D¡ scret¡ o1''. 1f the Author requests the ass¡ stance of JoVE

in producing the V¡ deo ¡n the Author's fac"ity, the Author sh㎀
ensure that the presence of JoVE employees, agents or
independent contractors ¡s in accordance w¡th the relevant

regⅲ at¡ ons of the Authorls institut¡ on. If more than one
author is 1isted at the beg¡ nning of th¡ s Agreement, 」oVE may, in its

s어 e discretion, 이ect not take arㄱ y action with respect to the Artide

unt" such ti“
'e as 
¡t has rece¡ ved coη 1plete, executed Artide

and V¡ deo L¡ cense Agreements from each such author. JoVE
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expense. AII indemn¡ f¡ cat¡ons provided herein sh제 ¡ndude

Joν E's attorney's fees and costs r이 ated to said losses or

damages. Such indemn¡ f¡ cat¡on and hold¡ng harmless shaII

incIude such Iosses or darr'ages ¡ncurred by, or ¡n connect¡ on

w¡ th, acts or onㄱ iss¡ ons of JoVE, its employees, agents or

¡ ndependent contractors.

12. E으뜨. To cover the cost ¡ncurred for pu비 ication, JoVE

must receive payrr'ent before production and puⅢ ¡cat¡on the

Mater¡ a's. Payment is due in 21 days of invoice. Should the

Materials not be published due to an ed¡ torial or production

decision, these funds will be returned to the Author.
Withdraw히  by the Author of any submitted Materi히 s after

final peer rev¡ ew approv섧  wi'l result in a 'JSS1,200 fee to

cover pre— production expenses incurred by 」oVE. lf payment is

not rece¡ ved by the con^'p'etion of filrn¡ ng, production and

publication of the Materials wi'I be suspended unt" payrr'ent is

received .

13. 工모旦Sf또ㄴ」三으포塹ㅛ旦g」코쁘. Th¡ s Agreenlent may be
assigned by JoVE and shaII ¡nure to the benefits of any of

JoVE's successors and assignees. This Agreernent shaII be

governed and construed by the ¡nternal Iaws of the

Commonwealth of Massach ●setts w¡ thout giving effect to any

confl¡ ct of law provis¡ on thereunder. This Agreer˙ nent nㄱ ay be

executed ¡n counterparts, each of which shaII be deemed an

or¡ ginal, but al' of wh¡ ch together shaII be deemed to me one

and the sar^ne agreernent. A signed copy of this Agreeη ㄱent

d이 ivered by facs¡ mile, e— mail or other means of electronic

transrγ lission shaII be deen˙
'ed to have the same lega! effect as

delivery of an original signed copy of th¡ s Agreement.

fu‖ , unfettered access to the facilit¡ es of the Author or of the

Author's ¡nstitution as necessarν' to nㄱ ake the Video, whether

actu㎻ y pu니 ished or not. JoVE has sde d¡ scretion as to the

method of mak¡ ng and publ¡ sh¡ ng the Mater¡ aIs, ¡ncluding,

without l¡ nㄱ¡tation, to a 1 decisions regarding editing, lighting,

fⅡ nㄱ ing, tin^'ing of puⅢ ¡cation, ¡f any, length, qu해 ¡ty, content

and the l¡ke.

11. lndemnification. The Author agrees to inder˙ nnify Joν E

and/or its successors and ass¡ gns from and aga¡ nst any and aII

daims, costs, and expenses, ¡nduding attorney''s fees, aris¡ ng

out of any breach of any warranty or other represe ntations

conta¡ ned herein. The Author further agrees to ¡nden^'nifν  and

hdd harmless JoVE fron'' and aga¡ nst any and a ‖ daiη)s, costs,

and e× penses, induding attorney's fees, resⅲ t¡ ng fro1˙ n the

breach by the Author of any representation or wa rranty

conta¡ ned herein or fronㄱ  allegat¡ ons or ¡ nstances of violation

of inteIIectual property˙
 rights, damage to the Author's or the

Author' s ¡ nst¡tut¡ on' s facil¡ ties, fraud, libel, defa '˙r˙
'ation,

research, equiprnent, e× per¡ me1ㄱ ts, property da ηㄱage, person섧

injury, ν¡olat¡ ons of institut¡ onal, Iaboratory, hospital, ethica l,

human and ani'˙
'˙'al treatment, pr¡

vacy or other rules,

regⅲ at¡ ons, 'aws, procedures or guid이 ines, 'iabⅡ¡t¡ es and

other Iosses or dan^'ages related in any way to the submission

of work to JoVE, mak¡ ng of videos by 」oVE, or publicat¡ on in

JoνE or elsewhere by JoVE. The Author shaII be respons¡ ble

for, al^'d shaⅡ  hdd JoVE har㎭ ess from, da''r'ages caused by

lack of sterilization, Iack of c'eanliness or by contarnination

due to the ηㄱaking of a video by JoVE its emp10y˙ees, agents or

independent contractors. AI I ster"¡ zat¡ on, dean1 ¡ ness or

decontam¡ nat¡ on procedur˙es sha ‖ be sdely the respons¡ b"itν'

of the Author and sh제  be undertaken at the Author's

Name :

Department :

'nst¡

tut¡  on :

Artide Title :

Signature :

PIease subm¡ t a ㅛg므으브 and 브쁘으브 copy of th¡ s l¡ cense by one of the fo‖ ow¡ ng three methods:

1) Upload a scanned copy' of the document as a pfd on the JoVE subm¡ ssion site:

2) Fax the document to +1.866.381.2236’

3) Ma¡ l the document to 」oVE / Attn: 」oVE Ed¡torial / 1 A'eⅥI¡fe Center #200 / Cambr¡ dge, MA 02139

A signed copy of th¡ s document must be sent with aII new submiss¡ ons. Only one Agreement requ¡  red per subm¡ ssion.
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For quest¡ ons, please email subm ¡ss¡ ons @jove.com or c쌔  +1.617.945.905 1
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April 19, 2019 

 

Editor:  Dr. Phillip Steindel 

JoVE 

Re: JoVE59909 

 

Dear Editor: 

 

We have attached the revised manuscript entitled “Fabrication of robust nanoscale 

contact between a sliver nanowire electrode and CdS buffer layer in Cu(In,Ga)Se2 thin-film 

solar cells” for consideration for publication in JoVE. We appreciate the valuable suggestions 

from the referee, and we have addressed all of the reviewer’s concerns and revised the 

manuscript according to the referee’s suggestions. We have listed our response to the reviewers’ 

comments, item by item, in the following pages of this cover letter. Our response to referee 

comments is highlighted in bold text for clarity, and the main text of manuscript highlighted in 

revised parts is attached to the end of cover letter. 

Finally, please do not hesitate to contact me if you have further questions or need more 

information. 

 

Yours Sincerely, 

Choong-Heui Chung 

E-mail: choong@hanbat.ac.kr 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;JoVE_Response Letter.docx

https://www.editorialmanager.com/jove/download.aspx?id=1032009&guid=1150abf7-c0e9-4bd8-b50b-9766f7bad176&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1032009&guid=1150abf7-c0e9-4bd8-b50b-9766f7bad176&scheme=1
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Our response to editorial comments: 

General: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. 

We double checked the spelling and grammar. 

 

2. Please include email addresses for all authors in the manuscript. 

Author e-mail address are listed in the manuscript. 

 

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please limit the use of commercial language from your manuscript and use generic terms 

instead. All commercial products should be sufficiently referenced in the Table of Materials 

and Reagents. 

For example: Sigma Aldrich, Alfa Aesar, etc. 

All the company names are removed from manuscript and the company names are listed 

in the Table of Materials. 

 

Protocol: 

1. Please add more details to your protocol steps. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published material specifying 

how to perform the protocol action. If revisions cause a step to have more than 2-3 actions and 

4 sentences per step, please split into separate steps or substeps. 

 

We found out a typo in protocol of 5.3 Deposition of the 2nd CdS layer in the 

manuscript. We revised the 2nd CdS deposition time from 8 min to 10 min. 

  

Specific Protocol steps: 

1. 1.1: The Mo-coated glass is not in the Table of Materials-how is it made? 

 

We revised the manuscript to describe how to make the Mo-coated glass in detail as 

following: 

“1. Preparation of Mo-coated glass by DC magnetron sputtering 

1. Load cleaned glass substrates into a DC magnetron sputter and pump down to below 

4 x 10-6 Torr. 

2. Flow Ar gas and set the working pressure to 20 mTorr. 

3. Turn on plasma and increase the DC output power to 3 KW. 

4. After pre-sputtering of 3 min for target cleaning, begin the Mo deposition until the Mo 

film thickness reaches approximately 350 nm. 

5. Set the working pressure to 15 mTorr while maintaining the same output power 

(i.e.,3 KW). 
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6. Resume the Mo deposition until the total thickness of Mo reaches approximately 

750 nm.” 

 

We also revised the material table to include the sputter target. 

 

2. 1.2, 1.5: How do you determine and set these temperatures, exactly? 

We describe the temperature control procedure more in detail for process 1.2 and 1.5 

manuscript as following: 

“The deposition rates were checked by the quartz crystal microbalance (QCM) technique. 

The deposition rates are dependent on the set temperature of effusion cells and the 

amount of materials in the effusion cells” 

 

3. 5: Please include references for these procedures. 

Section 5 refer to SEM/TEM characterization and J-V measurement. For clarity, we refer 

to the reference [Lee, S. et al. Robust nanoscale contact of silver nanowire electrodes to 

semiconductors to achieve high performance chalcogenide thin film solar cells. Nano 

Energy. 53, 675–682 (2018).], which is the reference 14 of the manuscript. 

 

Figures, Tables, and Figure Legends: 

1. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff, 

or .pdf file. Please combine all panels of one figure into a single image file. 

We will upload the image files (png format). 

 

2. Please remove ‘Figure 1’ etc. from the figures themselves. 

We removed. 

 

3. Please remove the embedded figures and tables from the manuscript. Please upload Table 1 

as a .xlsx file in your revision. 

We removed figure images and table from the manuscript. We will upload Excel file of 

the table 1. 

 

Discussion: 

1. Discussion: As we are a methods journal, please revise the Discussion to explicitly cover the 

following in detail in 3–6 paragraphs with citations: 

a) Critical steps within the protocol 

b) Any modifications and troubleshooting of the technique 

c) Any limitations of the technique 

d) The significance with respect to existing methods 

e) Any future applications of the technique 

We added the paragraph describing a) – e) in the last part of discussion as following: 
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“Various methods have been applied to enhance the electrical properties of AgNW TCE 

including the incorporation of conducive matrix. The method described in this protocol 

is simple and effective to enhance the electrical contact property between AgNWs and 

underlying CdS buffer layer in CIGS thin film solar cell. Due to the enhanced contact 

property, the solar cell performance is greatly improved. The method is designed to 

apply to the CdS/CIGS system but is not limited to the CdS/CIGS system. When an 

appropriate CBD method is created, our method can be applied to create high-quality 

electrical contact between AgNWs and the buffer layer in chalcogenide thin-film solar 

cells” 

 

Table of Materials: 

1. Please ensure the Table of Materials has information on all materials and equipment used, 

especially those mentioned in the Protocol. 

We confirmed. 
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Our response to reviewer #1: 

Reviewer #1: The present MS describes embedding of silver nanowires into a CdS buffer layer 

of CIGS solar cell using a solution process method. AgNW being transparent do not impose 

any restriction in light transportation to solar cell and improves the electrical contacts as well. 

The results demonstrate the fact. 

We thank the referee for a thorough evaluation of our manuscript. The comments were 

extremely helpful in revising our manuscript 

 

Comment 1: In general the method of making electrical contact is novel, simple and easily 

viable. However, the author should explain the following facts i) how the electrical contacts to 

AgNW's embedded in CdS was made and ii) the SEM image of Cu(In,Ga)Se2 layer explaining 

rough morphology be incorporated in MS. 

 

Our protocol is describing the detailed experimental method that we performed in our 

pervious paper [Lee, S. et al. Robust nanoscale contact of silver nanowire electrodes to 

semiconductors to achieve high performance chalcogenide thin film solar cells. Nano 

Energy. 53, 675–682 (2018).], which is the reference 14 of the manuscript. The formation 

of electrical contact are well explained and cross sectional SEM/TEM images were 

displayed in the paper. To clarify comment i) and ii) of reviewer, we revised our 

manuscript in the first paragraph of representative results as following: 

“The detailed explanation on the formation of electrical contact and enhancement of 

electrical properties and device performance can be found in the reference 14. The 

structural analysis of AgNW and CdS junction including cross sectional SEM and TEM, 

and corresponding elemental mapping can also be found in the reference 14.” 
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Our response to reviewer #2: 

Reviewer #2: The authors have carried out an interesting experiment to enhance the efficiency 

of CIGS thin film solar cell by improving the electrical contact between the underlying Ag 

nanowire and the bulk CIGS thin film. However, the authors would need to provide additional 

data to support the efficacy of their claim. 

 

We thank the referee for a thorough evaluation of our manuscript. The comments were 

extremely helpful in revising our manuscript 

 

Comment 1: As expected, an additional layer of CdS on top of Ag nanowire enhanced the 

electrical contact between Ag and CdS, presumably by eliminating the "nanogaps" between Ag 

nanowire and the layer beneath it. 

However, a key point that was mentioned in the manuscript but neither elaborated on nor 

supported by data was that "We optimized the reaction time, and 8 min resulted in the CIGS 

device with the best performance". As one would expect, too thin the additional CdS layer 

would not make good enough contact with Ag nanowire. On the other hand, too thick the 

additional CdS layer would reduce the overall conductivity and potentially increase the number 

of defect sites. 

I would suggest the authors to add data, most likely JV curves, to show the effect of the second 

CdS thickness device performance. It would also be helpful if the authors could include SEM 

images of the corresponding films after the second CdS layer deposition. 

 

We performed the J-V measurement and investigated the effect of 2nd CdS layer 

deposition time on the device performance in CIGS thin film sola cell including FF, Voc, 

and Efficiency in our previous paper [Lee, S. et al. Robust nanoscale contact of silver 

nanowire electrodes to semiconductors to achieve high performance chalcogenide thin 

film solar cells. Nano Energy. 53, 675–682 (2018).], which is the reference 14 of the 

manuscript.  

Additionally, we found out a typo in protocol of 5.3 Deposition of the 2nd CdS layer in the 

manuscript. We revised the 2nd CdS deposition time from 8 min to 10 min. 

 

Figure 2 of reference 14: 
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To clarify the reviewer’s suggestion, we added the comments on the effect of 2nd CdS 

deposition time on the device performance as following: 

“The effect of 2nd CdS deposition time on a CIGS thin film solar cell device performance 

can be found in the reference 14.” 
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Our response to reviewer #3: 

Reviewer #3: it's a good protocol for the fabrication of a robust nanoscale contact between a 

silver nanowire network and CdS buffer layer in a CIGS thin-film solar cell. 

 

We thank the referee for a thorough evaluation of our manuscript. The comments were 

extremely helpful in revising our manuscript 

 

Comment 1: need SEM EDX data to demonstrate the chemical composition for each layer. 

 

We performed the detailed structural analysis of 2nd CdS/AgNW junction in our previous 

paper [Lee, S. et al. Robust nanoscale contact of silver nanowire electrodes to 

semiconductors to achieve high performance chalcogenide thin film solar cells. Nano 

Energy. 53, 675–682 (2018).], which is the reference 14 of the manuscript. We revised our 

manuscript as following:  

“The structural analysis of AgNW and CdS junction including cross sectional SEM and 

TEM, and corresponding elemental mapping can also be found in the reference 14.” 
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Revised manuscript: 

 

ABSTRACT: 
Silver nanowire transparent electrodes have been employed as window layers for Cu(In,Ga)Se2 

thin-film solar cells. Bare silver nanowire electrodes normally result in very poor cell 

performance. Embedding or sandwiching silver nanowires using moderately conductive 

transparent materials, such as indium tin oxide or zinc oxide, can improve cell performance. 

However, the solution-processed matrix layers can cause a significant number of interfacial 

defects between transparent electrodes and the CdS buffer, which can eventually result in low 

cell performance. This manuscript describes how to fabricate robust electrical contact between 

a silver nanowire electrode and the underlying CdS buffer layer in a Cu(In,Ga)Se2 solar cell, 

enabling high cell performance using matrix-free silver nanowire transparent electrodes. The 

matrix-free silver nanowire electrode fabricated by our method proves that the charge-carrier 

collection capability of silver nanowire electrode-based cells is as good as that of standard cells 

with sputtered ZnO:Al/i-ZnO as long as the silver nanowires and CdS have high-quality 

electrical contact. The high-quality electrical contact was achieved by depositing an additional 

CdS layer as thin as 10 nm onto the silver nanowire surface. 

 

INTRODUCTION: 

Silver nanowire (AgNW) networks have been extensively studied as an alternative to indium 

tin oxide (ITO) transparent conducting thin films due to their advantages over conventional 

transparent conducting oxides (TCOs) in terms of lower processing cost and better mechanical 

flexibility. Solution-processed AgNW network transparent conducting electrodes (TCEs) have 

thus been employed in Cu(In,Ga)Se2 (CIGS) thin-film solar cells1–6. Solution-processed AgNW 

TCEs are normally fabricated in the form of embedded-AgNW or sandwich-AgNW structures 

in a conductive matrix such as PEDOT:PSS, ITO, ZnO, etc7–11. The matrix layers have been 

reported that the collection of the charge carriers present in the empty spaces of the AgNW 

network can be enhanced. 

However, the matrix layer can generate interfacial defects between the matrix layer and 

underlying CdS buffer layer in CIGS thin-film solar cells12,13. The interfacial defects often cause 

a kink in the current density-voltage (J-V) curve, resulting in a low fill factor (FF) in the cell, 

which is detrimental to solar cell performance. We previously reported a method to resolve 

this issue by selectively depositing an additional thin CdS layer (2nd CdS layer) between the 

AgNWs and the CdS buffer layer14. The incorporation of an additional CdS layer enhanced the 

contact properties in the junction between the AgNW and CdS layers. Consequently, the 

carrier collection in the AgNW network was greatly improved, and the cell performance was 

enhanced. In this protocol, we describe the experimental procedure to fabricate robust 

electrical contact between the AgNW network and the CdS buffer layer using a 2nd CdS layer 

in a CIGS thin-film solar cell. 
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PROTOCOL: 

 

1. Preparation of Mo-coated glass by DC magnetron sputtering 

 

1. Load cleaned glass substrates into a DC magnetron sputter and pump down to below 4 x 10-

6 Torr. 

 

2. Flow Ar gas and set the working pressure to 20 mTorr. 

 

3. Turn on plasma and increase the DC output power to 3 KW. 

 

4. After pre-sputtering of 3 min for target cleaning, begin the Mo deposition until the Mo film 

thickness reaches approximately 350 nm. 

 

5. Set the working pressure to 15 mTorr while maintaining the same output power (i.e.,3 KW). 

 

6. Resume the Mo deposition until the total thickness of Mo reaches approximately 750 nm. 

 

2. CIGS absorber layer deposition by means of a three-stage coevaporation 

 

1. Mo-coated glass is loaded into a preheated co-evaporator of which vacuum should be lower 

than 5 x 10-6 Torr. 

 

2. Set the temperatures of In, Ga, and Se effusion cells yielding deposition rates of 2.5 Å/s, 

1.3 Å/s, and 15 Å/s, respectively. The deposition rates were checked by the quartz crystal 

microbalance (QCM) technique. The deposition rates are dependent on the set temperature 

of effusion cells and the amount of materials in the effusion cells. 

 

3. Begin to supply In, Ga and Se onto the Mo-coated glass to form a 1 μm-thick (In,Ga)xSey 

precursor layer at the substrate temperature of 450 °C. The deposition time is 15 min. 

(namely, 1st stage) 

 

4. Stop the In and Ga supplies and increase the substrate temperature to 550 °C.  

 

5. Begin to supply Cu (deposition rate: 1.5 Å/s) onto the (In,Ga)xSey precursor and keep this 

procedure until the Cu/(In + Ga) compositional ratio of the film reaches to 1.15. Note that the 

Se deposition rate is maintained at 15 Å/s through the 2nd stage. (namely, 2nd stage) 
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6. Stop supplying Cu and evaporate In and Ga again with the same deposition rates as the 1st 

stage to finally form an approximately 2 μm-thick CIGS film with Cu/(In+Ga) compositional 

ratio of 0.9. The Se deposition rate and substrate temperature are maintained at 15 Å/s and 

550 °C, respectively. The deposition time of this stage is 4 min. (namely 3rd stage)  

 

7. In order to ensure a complete reaction, the deposited CIGS film is annealed under Se 

ambient (15 Å/s) for 5 min at the substrate temperature of 550 °C.  

 

8. Cool down the substrate temperature to 450 °C under Se ambient (15 Å/s) and then unload 

the CIGS-deposited substrate when the substrate temperature is below 250 °C. 

 

3. Growth of the CdS buffer layer on the CIGS absorber layer using a chemical bath 

deposition (CBD) method: 

 

1. Prepare the CdS reaction bath solution in a 250 ml beaker by adding 97 ml of DI water, 

0.079 g of Cd(CH3COO)2·2H2O, 0.041 g of NH2CSNH2, and 0.155 g of CH3COONH4 and then stir 

the solution for several minutes to mix. Make sure that all added solutes are completely 

dissolved. 

 

2. Add 3 ml of NH4OH (28% NH3) into the bath solution and stir the solution for 2 min (Figure 

1 shows the experimental setup of CBD for CdS). 

 

3. Put the CIGS sample into the reaction bath solution using a Teflon sample holder. 

 

4. Put the reaction bath into the water-heat bath maintained at 65 °C and stir the reaction 

bath solution with 200 rpm using a magnetic bar during deposition process. 

 

5. Reacting for 20 min generates an approximately 70 to 80 nm CdS buffer layer on the CIGS. 

 

6. After the reaction, remove the sample from the reaction bath, wash with a flow of DI water, 

and dry with N2 gas. 

 

7. Anneal the sample at 120°C for 30 min on a hot plate. 

 

4. Fabrication of the AgNW TCE network: 

 

1. Prepare a diluted AgNW dispersion (1 mg/ml) by mixing 19 ml of ethanol with 1 ml of a 

purchased ethanol-based AgNW dispersion (20 mg/ml). 
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2. Pour 0.2 ml of the diluted AgNW dispersion onto a CdS/CIGS sample (2.5 cm x 2.5 cm) to 

cover the whole surface of the sample and rotate the sample with 1000 rpm for 30 s. 

 

3. Repeat the step 2 to achieve the desired optical and electrical properties. We spin-coated 

the AgNWs three times. A scanning electron microscopy (SEM) image of spin-coated AgNW 

TCE is shown in Figure 2. 

 

4. After spin-coating, the sample was annealed at 120°C for 5 min on a hot plate. 

 

5. Deposition of the 2nd CdS layer: 

 

1. Prepare a new CdS reaction bath solution as previously described. 

 

2. The CdS deposition process is the same as that reported in section 1, except the reaction 

time is different. 

 

3. We optimized the reaction time, and 10 min resulted in the CIGS device with the best 

performance. The effect of 2nd CdS deposition time on a CIGS thin film solar cell device 

performance can be found in the reference 14. 

 

6. Characterization techniques: 

 

1. The surface and cross-sectional morphology of AgNWs and CdS-coated AgNWs were 

characterized by field emission SEM and transmission electron microscopy (TEM). 

 

2. Solar cell performance was measured using a current-voltage source equipped with a solar 

simulator (1000 W/m2, AM1.5G). 

 

REPRESENTATIVE RESULTS 

The layer structures of the CIGS solar cells with (a) standard ZnO:Al/i-ZnO and (b) AgNW TCE 

are shown in Figure 3. The surface morphology of CIGS is rough, and a nanoscale gap can form 

between the AgNW layer and the underlying CdS buffer layer. As highlighted in Figure 3(A), 

the 2nd CdS layer can be selectively deposited onto the nanoscale gap to create a stable 

electrical contact. The detailed explanation on the formation of electrical contact and 

enhancement of electrical properties and device performance can be found in the reference 

14. The structural analysis of AgNW and CdS junction including cross sectional SEM and TEM, 

and corresponding elemental mapping can also be found in the reference 14. 
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Figure 4 shows the cross-sectional TEM images (a) along the 2nd CdS layer deposited on the 

AgNW network on the CdS/CIGS structure and (b) across the 2nd CdS layer deposited on the 

AgNW network. The CdS/CIGS structure shows a rugged surface morphology due to the 

granular structure of CIGS. Hence, bare AgNWs are suspended in air, and stable electrical 

contact with the CdS buffer layer cannot be expected. The 2nd CdS layer is uniformly deposited 

on the surface of the AgNWs, and the CdS layer on the core-shell AgNW (Ag@CdS NW) 

structure is produced as shown in Figure 4(B). Furthermore, the 2nd CdS layer fills the air gaps 

between the CdS buffer layer and the AgNW layer, as shown in the inset of Figure 4(A), and 

stable electrical contact is achieved. 

 

Figure 5 and Table 1 show the device performance of a CIGS thin-film solar cell with bare 

AgNW and Ag@CdS NW TCEs. Due to unstable electrical contact, the cell with bare AgNWs 

has poor device performance. Deposition of a 2nd CdS layer greatly enhances the cell 

performance, as shown in the J-V characteristics in Figure 5. The cell with the Ag@CdS NW 

TCE showed a greater than 50% increase in device efficiency and FF compared to the bare 

AgNW TCE. 

 

FIGURE AND TABLE LEGENDS: 

 

Figure 1: Chemical bath deposition setup. An image of the experimental setup for chemical 

bath deposition of CdS on GIGS. 

 

Figure 2: An SEM image of the AgNW TCE. The SEM image shows the spin-coated AgNW TCE 

on the CdS/GIGS/Mo structure. 

 

Figure 3: Schematic diagram of CIGS thin-film solar cells. Layer structure of a CIGS thin-film 

solar cell with (A) ZnO:Al/i-ZnO TCO and (B) AgNW TCE with a 2nd CdS layer. 

 

Figure 4: Structural analysis of Ag@CdS NW. (A) Cross-sectional TEM image along a Ag@CdS 

NW on a CdS/CIGS structure and (B) high-resolution TEM image across a Ag@CdS NW. 

 

Figure 5: Device performance comparison. J-V characteristics of CIGS thin-film solar cells with 

bare AgNW and Ag@CdS NW TCEs. 

 

Table 1: Device performance data. A summary of the device performance derived from the 

J-V curves. 
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DISCUSSION: 

 

Note that the deposition time of the 2nd CdS layer must be optimized to achieve the optimal 

cell performance. As the deposition time increases, the thickness of the 2nd CdS layer 

increases, and consequently, the electrical contact will improve. However, further deposition 

of the 2nd CdS layer will result in a thicker layer that reduces light absorption, and the device 

efficiency will decrease. We achieved the best cell performance with 10 min of deposition 

time for the 2nd CdS layer and determined that the cell efficiency decreased with longer 

deposition times. 

 

To evaluate our method, we compared the device performance of the Ag@CdS NW-based 

CIGS solar cell with that of a standard CIGS solar cell with a sputtered ZnO:Al/i-ZnOl TCO, as 

described in Figure 3(A)14. The J-V characteristics were nearly equal, and the overall device 

performances were very similar. This result proves that our solution process method can 

produce a high-performance thin-film solar cell. 

 

Various methods have been applied to enhance the electrical properties of AgNW TCE 

including the incorporation of conducive matrix. The method described in this protocol is 

simple and effective to enhance the electrical contact property between AgNWs and 

underlying CdS buffer layer in CIGS thin film solar cell. Due to the enhanced contact property, 

the solar cell performance is greatly improved. The method is designed to apply to the 

CdS/CIGS system but is not limited to the CdS/CIGS system. When an appropriate CBD method 

is created, our method can be applied to create high-quality electrical contact between 

AgNWs and the buffer layer in chalcogenide thin-film solar cells. 
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