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Abstract  —  This work provides a rapid overview for the 
current state of surface passivation layer schemes for thin film 
solar cells: From its fundamentals to solar cell applications, and 
their perspective. It provides an overview of important literature 
and prospect considerations based on simulations. 

Index Terms — Photovoltaics, Thin film solar cells, 
Cu(In,Ga)Se2, Surface passivation, Front, Rear. 

I. SILICON SURFACE PASSIVATION BY USE OF A DIELECTRIC 

The idea to use dielectric layers to reduce recombination at 

(= “passivate”) interfaces stems from silicon (Si) PV. 

Recombination dynamics at semiconductor interfaces have 

been described by Shockley, Read, and Hall. Their formalism 

shows that Si surface passivation layers reduce electronic 

recombination at the interface by two key methods:  

(i) Chemical passivation – corresponding to a reduction in 

interface trap density – and (ii) field effect passivation – 

resulting from a fixed charge density in the passivation layer 

that reduces the surface minority or majority charge carrier 

concentration. In advanced Si solar cell design – e.g. the 

passivated emitter and rear solar cell (PERC), see Fig. 1 – 

such passivation layers are combined with micron-sized point 

openings that serve as electrical contacts, both at the rear and 

front Si surfaces [1,2]. 

  

 

 
 

Fig. 1. Drawing of a silicon passivated emitter and rear cell 

(PERC), which includes SiO2 front and rear surface passivation 

layers, taken from [2]. 

II. REAR SURFACE PASSIVATION SCHEMES FOR CIGS 

Various research groups have shown that Al2O3 is very 

suitable to passivate the rear of Cu(In,Ga)Se2 (CIGS) thin film 

solar cells, which can be explained by a combination of 

chemical and field effect passivation. Opto-electrical 

measurements can be used to screen interesting passivation 

layers, as is shown for Al2O3 grown on CIGS [3]. Even more, 

electrical measurements of similar structures show that the 

Al2O3 layers exhibit a high density of negative fixed charges 

(its field effect passivation) in combination with a reasonably 

low interface trap density (its chemical passivation) [4]. In the 

meanwhile, several groups successfully fabricated Al2O3 rear-

passivated CIGS solar cells, where recombination at the 

Al2O3/CIGS interface decreased substantially. Uppsala 

University fabricated rear-passivated solar cells with nano-size 

point openings generated through the removal of nanosphere-

shaped precipitates [5,6], or e-beam lithography [7]; while 

KIT and ZSW applied photo-lithography [8]. Fig. 2 shows a 

cross section image of such an Al2O3 rear passivated CIGS 

solar cell. 

 

 
 

Fig. 2. Transmission electron microscopy cross-section image of 

an Al2O3 rear surface passivated cell with a well-controlled grid of 

nano-sized local rear point contacts, taken from [7]. 

 

Remarkable open circuit voltage (VOC) results have also 

been achieved for ultra-thin CIGS solar cells with (= despite) a 

nano-structured SiO2/CIGS rear interface [9,10], indicating 

that this SiO2 layer could be an interesting alternative for 

Al2O3 passivation. M. Schmid has indeed shown reduced 



 

interface recombination at a nanostructured SiO2/CIGS rear 

interface [11], very similar to previously acquired results for 

ultra-thin CIGS solar cells with a nano-structured Al2O3/CIGS 

rear interface [12].  

III. FRONT SURFACE PASSIVATION SCHEMES FOR CIGS 

First results indicate that another type of passivation layer 

will be required to passivate the front of CIGS solar cells. 

HZB, University of Parma and EMPA have used simulations 

to show that a positively charged surface passivation layer 

with nano-sized point openings (e.g. generated as in [13]) 

would be beneficial to passivate the CIGS/buffer front 

interface [14,15]. In this case, this positively charged layer 

causes a n-type inversion layer in the CIGS, which extends the 

n-type buffer layer, as is shown in Fig. 3. One might even 

consider to omit the buffer layer completely, and instead use a 

conformal but ultra-thin (to allow charge carrier tunneling) 

front surface passivation layer to generate an “inversion layer 

emitter”. This approach is already applied in so-called metal-

insulator-semiconductor inversion-layer (MIS/IL) Si solar 

cells [16]. One surface passivation layer candidate is TiO2: 

grown on Si it exhibits a positive charge density [17], and it 

shows potential for front-passivated CIGS solar cells in [18]. 

Another candidate is Ga2O3: Imec has successfully fabricated 

Ga2O3 front surface passivated CIGS solar cells, a manuscript 

is in preparation.  

 

 
 
Fig. 3. Simulated potential (color scale) and electron current 

(arrows) for a front surface passivated CIGS solar cell, by use of a 

positively charged surface passivation layer, taken from [14]. Note 

that z = 0 m corresponds to the CIGS front interface. 

IV. POTENTIAL OF PASSIVATED EMITTER AND REAR CIGS 

(PERCIGS) 

Integration of front and rear surface passivation layers – 

combined with approaches for optical confinement [19,20] – 

into CIGS solar cells with ever thinner absorber layers opens 

the door for increased cell efficiency, as compared to 

‘unpassivated’ state-of-the-art CIGS solar cells. This is 

simulated in Fig. 4(a) by use of SCAPS [21], this graph shows 

solar cell efficiency as a function of CIGS absorber layer 

thickness for standard CIGS solar cells, and also for an 

industrially viable and an ideal case of the Passivated Emitter 

(in this case it actually is the Front CIGS interface) and Rear 

CIGS (PERCIGS) solar cell design (simulation details are 

mentioned in the figure caption and [4]). Remarkably, for 

PERC-type Si solar cells a very similar trend in efficiency as a 

function of Si wafer thickness is seen, as is shown in Fig. 4(b). 

Note that this trend has been chased by Solexel Inc. who holds 

the world record for the thinnest Si solar cell: 21.2 % 

efficiency in case of a 35 m thick Si ‘absorber’ layer. 

 

 
 
Fig. 4. (a) Solar cell efficiency simulations for state-of-the-art 

standard CIGS and PERCIGS (with surface passivation, but also 

light management) solar cells. The standard design contains low rear 

internal reflection (Mo/CIGS), no surface passivation layers and a 

high quality CIGS absorber layer (Etrap = 0.3 eV). The industrially 

viable PERCIGS design contains an aluminum rear reflector 

(Al/Mo/(Al2O3/)CIGS rear), surface passivation layers as described in 

[4], and a high quality CIGS absorber layer. The ideal PERCIGS 

design contains complete light trapping, surface passivation layers as 

described in [4], and an excellent quality CIGS absorber layer (Etrap = 

0.1 eV). (b) A similar graph for Si solar cells, taken from [22]. 



 

V. POTENTIAL OF SURFACE PASSIVATION FOR OTHER THIN FILM 

This approach of using dielectric layers to passivate thin 

film solar cell interfaces is also very valuable for other 

photovoltaic thin film materials: CdTe surfaces have been 

successfully passivated by Al2O3 films [23,24], and similar 

passivating layers have been applied for Cu2(Zn,Sn)S4 (CZTS) 

[25] and perovskite materials [26,27]. 

 

ACKNOWLEDGEMENT 

This work has received funding from the European Research 

Council (ERC) under the European Union's Horizon 2020 

research and innovation programme (grant agreement n° 

715027). 

REFERENCES 

[1] A. Cuevas, T. Allen, J. Bullock, Y. Wan, D. Yan, and X. Zhang, 
“Skin care for healthy silicon solar cells,” Proc. 42nd IEEE 
PVSC (New-Orleans), pp. 1–6, 2015.  

[2] M.A. Green, “The Passivated Emitter and Rear Cell (PERC): 
From conception to mass production,” Solar Energy Mater. 
Solar Cells, vol. 143, pp. 190–197, 2015. 

[3] J. Joel, B. Vermang, J. Larsen, O. Donzel-Gargand, and M. 
Edoff, “On the assessment of CIGS surface passivation by 
photoluminescence,” Phys. Status Solidi RRL, vol. 9, no. 5, pp. 
288–292, 2015.  

[4] R. Kotipalli, B. Vermang, J. Joel, R. Rajkumar, M. Edoff, and 
D. Flandre, “Investigating the electronic properties of 
Al2O3/Cu(In,Ga)Se2 interface,” AIP Advances, vol. 1, no. 5, pp. 
107101-1– 107101-6, 2015. 

[5] B. Vermang, V. Fjällström, J. Pettersson, P. Salomé, and M. 
Edoff, “Development of rear surface passivated Cu(In,Ga)Se2 
thin film solar cells with nano-sized local rear point contacts,” 
Sol. Energ. Mat. Sol. Cells, vol. 117, pp. 505–511, 2013.  

[6] B. Vermang, J.T. Wätjen, V. Fjällström, F. Rostvall, M. Edoff, 
R. Kotipalli, F. Henry, and D. Flandre, “Employing Si solar cell 
technology to increase efficiency of ultra-thin Cu(In,Ga)Se2 
solar cells,” Prog. Photovoltaics: Res. Appl., vol. 22, no. 10, pp. 
1023 – 1029, 2014. 

[7] B. Vermang, J.T. Wätjen, C. Frisk, V. Fjällström, F. Rostvall, 
M. Edoff, P. Salomé, J. Borme, N. Nicoara, and S. Sadewasser, 
“Introduction of Si PERC rear contacting design to boost 
efficiency of Cu(In,Ga)Se2 solar cells,” IEEE J. Photovoltaics, 
vol. 4, no. 6, pp. 1644–1649, 2014. 

[8] P. Casper, R. Hünig, G. Gomard, O. Kiowski, C. Reitz, U. 
Lemmer, M. Powalla, and M. Hetterich, “Optoelectrical 
improvement of ultra-thin Cu(In,Ga)Se2 solar cells through 
microstructured MgF2 and Al2O3 back contact passivation 
layer,” Phys. Status Solidi RRL, vol. 10, no. 5, pp. 376–380, 
2016. 

[9] C. van Lare, G. Yin, A. Polman, and M. Schmid. “Light 
coupling and trapping in ultrathin Cu(In,Ga)Se2 solar cells using 
dielectric scattering patterns,” ACS Nano, vol. 9, no. 10, pp. 
9603–9613, 2015. 

[10] E. Jarzembowski, B. Fuhrmann, H. Leipner, W. Fränzel, and R. 
Scheer, “Ultrathin Cu(In,Ga)Se2 solar cells with point-like back 
contact in experiment and simulation,” Thin Solid Films, in 
press, DOI: 10.1016/j.tsf.2016.11.003, 2016. 

[11] M Schmid, “Review on light management by nanostructures in 
chalcopyrite solar cells,” Semicond. Sci. Technol., vol. 32, no. 4, 
pp. 043003, 2017. 

[12] B. Vermang, J.T. Wätjen, V. Fjällström, F. Rostvall, M. Edoff, 
R. Gunnarsson, I. Pilch, U. Helmersson, R. Kotipalli, F. Henry, 
and D. Flandre, “Highly reflective rear surface passivation 
design for ultra-thin Cu(In,Ga)Se2 solar cells,” Thin Solid Films, 
vol. 582, pp. 300–303, 2015. 

[13] P. Reinhard, B. Bissig, F. Pianezzi, H. Hagendorfer, G. Sozzi, 
R. Menozzi, C. Gretener, S. Nishiwaki, S. Buecheler, and A.N. 
Tiwari, “Alkali-templated surface nanopatterning of chalco-
genide thin films: A novel approach toward solar cells with 
enhanced efficiency,” Nano Lett., vol. 15, no. 5, pp. 3334–3340, 
2015. 

[14] A. Bercegol, B. Chacko, R. Klenk, I. Lauermann, M.Ch. Lux-
Steiner, and M. Liero, “Point contacts at the copper-indium-
gallium-selenide interface—A theoretical outlook,” J. Appl. 
Phys., vol. 119, pp. 155304-1–155304-7, 2016. 

[15] G. Sozzi, S. Di Napoli, R. Menozzi, B. Bissig, S. Buecheler, and 
A.N. Tiwari, “Impact of front-side point contact/passivation 
geometry on thin-film solar cell performance,” Sol. Energ. Mat. 
Sol. Cells, vol. 165, pp. 94–102, 2017. 

[16] M.A. Green and R.B. Godfrey, “MIS solar cell—General theory 
and new experimental results for silicon,” Appl. Phys. Lett., vol. 
29, no. 9, pp. 610–612, 1976. 

[17] V.-S. Dang, H. Parala, J.H. Kim, K. Xu, N.B. Srinivasan, E. 
Edengeiser, M. Havenith, A.D. Wieck, T. de los Arcos, R.A. 
Fischer, and A. Devi, “Electrical and optical properties of TiO2 
thin films prepared by plasma-enhanced atomic layer 
deposition,” Phys. Status Solidi A, vol. 211, no. 2, pp. 416–424, 
2014. 

[18] W. Hsu, C.M. Sutter-Fella, M. Hettick, L. Cheng, S. Chan, Y. 
Chen, Y. Zeng, M. Zheng, H.-P. Wang, C.-C. Chiang, and A. 
Javey, “Electron-selective TiO2 contact for Cu(In,Ga)Se2 solar 
cells,” Sci. Rep., vol. 5, article no. 16028, 2015. 

[19] O. Poncelet, R. Kotipalli, B. Vermang, A. Macleod, L.A. 
Francis, and D. Flandre, “Optimisation of rear reflectance in 
ultra-thin CIGS solar cells towards > 20% efficiency,” Solar 
Energy, vol. 146, pp. 443–452, 2017. 

[20] R. Kotipalli, O. Poncelet, G. Li, Y. Zeng, L.A. Francis, B. 
Vermang, and D. Flandre, “Addressing the impact of rear 
surface passivation mechanisms on ultra-thin Cu(In,Ga)Se2 solar 
cell performances using SCAPS 1-D model,” Solar Energy, 
under review, 2017. 

[21] M. Burgelman, P. Nollet, and S. Degrave, “Modelling 
polycrystalline semiconductor solar cells,” Thin Solid Films, 
vol. 361–362, pp. 527–532, 2000. 

[22] M.J. Kerr, A. Cuevas, and P. Campbell, “Limiting efficiency of 
crystalline silicon solar cells due to Coulomb-enhanced Auger 
recombination,” Prog. Photovoltaics: Res. Appl., vol. 11, no. 2, 
pp. 97–104, 2003. 

[23] J. Liang, Q. Lin, H. Li, Y. Su, X. Yang, Z. Wu, J. Zheng, X. 
Wang, Y. Lin, and F. Pan, “Rectification and tunneling effects 
enabled by Al2O3 atomic layer deposited on back contact of 
CdTe solar cells,” Appl. Phys. Lett., vol. 107, pp. 013907-1–
013907-4, 2015. 

[24] B. Bissig, C. Guerra-Nunez, R. Carron, S. Nishiwaki, F. La 
Mattina, F. Pianezzi, P.A. Losio, E. Avancini, P. Reinhard, S.G. 
Haass, M. Lingg, T. Feurer, I. Utke, S. Buecheler, and A.N. 
Tiwari, “Surface passivation for reliable measurement of bulk 
electronic properties of heterojunction devices,” small, vol. 12, 
no. 38, pp. 5339–5346, 2016. 

[25] B. Vermang, Y. Ren, O. Donzel-Gargand, C. Frisk, J. Joel, P. 
Salomé, J. Borme, S. Sadewasser, C. Platzer-Björkman, and M. 
Edoff, “Rear surface optimization of CZTS solar cells by use of 



 

a passivation layer with nanosized point openings,” IEEE J. 
Photovoltaics, vol. 6, no. 1, pp. 332–336, 2015. 

[26] Y.H. Lee, J. Luo, M.-K. Son, P. Gao, K.T. Cho, J. Seo, S.M. 
Zakeeruddin, M. Grätzel, and M. Khaja Nazeeruddin, 
“Enhanced charge collection with passivation layers in 
perovskite solar cells,” Adv. Mater., vol. 28, no. 20, pp. 3966–
3972, 2016. 

[27] G.W.P. Adhyaksa, L.W. Veldhuizen, Y. Kuang, S. Brittman, 
R.E.I. Schropp, and E.C. Garnett, “Carrier diffusion lengths in 
hybrid perovskites: processing, composition, aging, and surface 
passivation effects,” Chem. Mater., vol. 28, no. 15, pp. 5259–
5263, 2016. 

 


