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ABSTRACT 

Large-grained CuInSe2 absorber layers are synthesized using a non-vacuum process based on 

nanoparticle ink precursors and selenization by rapid thermal processing (RTP). The use of 

hydroxide based particles in organic solvents allows for the conversion with elemental 

selenium without the need to employ explosive and/or toxic H2 or H2Se gases. Lateral grain 

sizes up to 4 µm are obtained through a novel RTP route, overcoming the inherently high 

layer porosity for previous nanoparticle processes. Morphological and elemental 

characterization at interrupted selenization steps suggests that liquid selenium can play a 

beneficial role in promoting layer densification and grain growth. Large carrier collection 

lengths in CuInSe2 enable notable conversion efficiencies up to 8.00%, despite the low 

minority carrier lifetimes of below 1 ns.  Record efficiencies up to 8.73% highlight the 

potential of low-cost, non-vacuum deposition of chalcopyrite absorber layers with safe and 

simple precursors and processing routes. 

1. INTRODUCTION

Solar cells based on Cu(In,Ga)Se2 (CIGS) absorbers exhibit the highest efficiency among all

thin film solar cells up to 20.9% and have gained even more attention recently by exceeding

efficiency values of market leading poly-Si solar cells [1,2]. While state-of-the-art deposition

of CIGS continues to be carried out by vacuum processes, novel concepts for processes

utilizing non-vacuum printing methods have the potential to significantly lower production

costs by reducing capital investment, increasing material utilization, and enabling large-area

and high-throughput fabrication. Several companies and institutes have already proven the

feasibility of this concept by achieving 17.1% and 15.2% efficient devices based on printed

CIGS layers [3,4]. From the first synthesis of CuInSe2 in 1953 to the first 10% cell in 1981,

the focus on cell development has mainly shifted away from the CuInSe2 (CIS) material to
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Cu(In,Ga)Se2 due to its larger band gap [5,6]. While CIS devices obtained by vacuum 

processes display up to 15% efficiency [7,8], reported values utilizing non-vacuum processes 

are either considerably lower, i.e. 7.0% [9], or necessitate the use of highly toxic and 

explosive hydrazine solvent (8.86%) [10], or H2Se gas (13%) [11,12]. Most successful non-

vacuum approaches typically employ a direct liquid coating and subsequent conversion step 

to form a chalcopyrite layer.  To avoid carbon contamination from ink residuals, true 

solutions from carbon free solvents, i.e. N2H4, or nanoparticle routes without organic 

coordination of the metal cations are preferred. However, lower molecular intermixing and 

remaining porosity are evident downsides of the nanoparticle route [13,14]. In that regard, it is 

imperative to find suitable fluxing agents to ensure metal diffusion and grain growth. Vervaet 

and Casteleyn et al. investigated multiple fluxing agents to promote CuInSe2 densification and 

grain growth, amongst them Cu-Se, CuCl, and Se [15-18]. However, while sintering 

temperatures between 525 and 650 °C were employed, the best cell efficiencies remained 

below 3%.       

In this paper, we present the liquid-selenium-assisted growth of mixed Cu- and In-

hydroxide-based nanoparticles that show remarkable lateral grain size of up to 4 µm diameter 

at process temperatures below 500 °C. The weak coordination of hydroxide anions together 

with the organic solvent butyl glycol acetate (BGA) enabled effective selenization without 

explosive and/or toxic H2 and H2Se gases. Notable efficiencies of up to 8.73% highlight the 

potential of this safe and simple processing route. 

 

2. EXPERIMENTAL DETAILS 

All precursor films were knife-coated and dried in a fume hood in ambient air. Stable Cu- and 

In- containing dispersions were initially prepared by processes described in [14]. The solid 

load in butyl glycol solvent was 20 – 25 wt.% while the amount of polymeric dispersant 

(NUOSPERSE, type FX) ranged between 15 – 20 wt.% relative to the solids. Using dynamic 

light scattering method, the mass median diameter (D50) of particles was determined to be 

between 50 – 100 nm. Additionally, individual dispersions underwent filtration by 1 µm 

glass-fiber filters prior to mixing them targeting a final stoichiometry of Cu/In = 1.05, as 

determined by ICP-MS. Films were deposited on a 500 nm thick Mo- layer on soda-lime glass 

substrates and consecutively dried on a hotplate at 200 °C for 3 minutes. By repetition of this 

process or adjusting the knife-to-substrate distance it was possible to tailor the precursor film 

thickness. The best films were obtained using a knife-speed of 50 mm/s, a substrate 

temperature of 80 °C, and 2 passes with a nominal substrate-to-knife distance of 10 µm. The 

precursor layers were then covered by a 3 – 5 µm layer of selenium which was evaporated at 

10-7 mbar by PVD. The total precursor composition was determined to be around 80 at.% Se 

through XRF. Samples were then converted by rapid thermal processing in a graphite box at 

close to atmospheric pressure. IR-radiation from halogen lamps enabled heating rates up to 

5 °C while providing a homogeneous temperature distribution for the annealing of the 

samples up to 500 °C with dwell times around 20 minutes.    

Solar cell absorbers were treated with a 10 wt.% KCN aqueous solution for 1 minute to 

remove residual Cu-Se phases, reducing the Cu/In ratio to unity [19]. A 50 nm thick CdS 
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layer was then deposited using chemical bath method. Solar cells were finalized by RF-

sputtering of an i-ZnO/ZnO:Al window layer and mechanical scribing to a cell area of 9 mm2.  

Transmission electron microscopy (TEM) analysis was performed on a JEOL 2200FS 

TEM/STEM operated at 200 kV. Morphology and composition were analyzed using X-ray 

fluorescence spectroscopy (XRF) from a rhodium target at 45 kV, powder X-ray diffraction 

(XRD) on a Siemens D5000 diffractometer with Ni-filtered Cu-Kα radiation, and scanning 

electron microscopy (SEM) on a Hitachi S-4800. Furthermore, depth profiles were obtained 

by time-of-flight secondary ion mass spectroscopy (ToF-SIMS) by a TOF.SIMS5 from ION-

TOF using Bi+ as the primary ions for the analysis (25 kV, 1 pA, 100×100 μm2) after a two-

second sputter cycle with O2
+ or Cs+ for the analysis of positively or negatively charged ions, 

respectively (2 kV, 400 nA (O2)/ 120 nA (Cs), 300×300 μm2). The 108Cd signal was cut for 

sputter times exceeding 1100 s due to an overlap with MoO. To study the decomposition and 

Cu/In oxidation processes, thermogravimetric (TGA) and differential thermal analysis (DTA) 

measurements were performed using a Netzsch STA 409 CD thermobalance. The applied 

temperature program consisted of 5 °C/min ramping to 550 °C under 50 ml/min flow of 

synthetic air. Gaseous reaction products were detected from the TGA exhaust flow with 

Netzsch QMS 403C Aeolos quadrupole mass spectrometer (MS). Inductively coupled plasma 

mass spectrometry measurements (ICP-MS) were performed with an Agilent 7500cs ICP-MS 

using Merck ICP-MS single element standards (0.1 – 10,000 μg/l) for calibration. In-situ 

XRD was carried out using a PANalytical X'Pert Pro MPD system with Ni-filtered Cu-Kα 

radiation in grazing angle geometry at an incident angle of 10°. The substrate heating at 

5 °C/min under N2 (99.999%, Messer, Switzerland) atmosphere was done with an Anton-Paar 

XRK 900 heating chamber. Electron-beam induced current measurements (EBIC) were 

conducted on mechanically cleaved samples with a FEI Strata DB235 in SEM mode at an 

acceleration voltage of 2 kV. Time-resolved photoluminescence was measured with a near-

infrared compact fluorescence lifetime spectrometer C12132 by Hamamatsu with an 

excitation wavelength of 532 nm and a detection wavelength of 1210 nm, corresponding to 

the photoluminescence maximum. The system allows lifetime measurements down to 0.2 ns 

by using deconvolution. The capacitance for admittance spectroscopy (AS) and C(V) 

measurements was obtained with an Agilent E4980A LCR meter (Agilent Technologies Inc.) 

in the frequency range of 200 Hz – 2 MHz for AS and fixed at 300 kHz for C(V) 

measurements. Temperatures were varied from 120 K to 300 K in a cryostat cooled by liquid 

N2. The 1-D solar cell simulation software SCAPS (v.3.2.01) was used to reproduce C(V) 

measurements. The “example CIGS.def” file was altered by adjusting d(CIS) = 1 µm, Egap = 

1.0 eV, NA(shallow) = 0 cm-3 and introducing a single acceptor-type defect Nt(250mV) = 

3 × 1016 cm-3. J(V) measurements were conducted at simulated standard testing conditions 

(25 °C, 1000W/m2, AM1.5G illumination). The spectral mismatch was corrected with EQE 

measurements from a chopped white light source and dual grating monochromator that were 

calibrated with a certified mc-Si solar cell from Fraunhofer ISE and a Ge-diode from 

Thorlabs. 
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3. RESULTS AND DISCUSSION 

3.1. Nanoparticle Ink Precursor 

Two monometallic inks were developed to allow for the stoichiometry control by means of 

adjusting the individual ink mixing ratios. Particle size and shape, as determined by 

transmission electron microscopy (TEM) from dried particles, can be seen in Figure 1. While 

Cu particles appear elongated and smooth-edged (Figure 1a), a more brittle nature with 

broader size distribution is apparent for the In- particles (Figure 1b). Ensuring diversity in the 

size and shape of precursor particles can be a suitable practice for improving packing density 

and layer adhesion [20,21]. The stability of the particles and thus the inertness to selenization 

can be influenced by the chemical coordination of the anions. The low enthalpy of formation 

of oxide particles, for example, necessitates the employment of additional reduction steps or 

the use of toxic and explosive H2Se gas which can lead to undesired segregations of metal 

alloys and significantly raise the complexity of the process [22,23]. The lower row in Figure 1 

illustrates the powder diffraction of precursor particles dried at 80 °C, revealing 

Cu2(OH)3(NO3) (JCPDS 01-075-1779) and mixed In(OH)3 (JCPDS 01-073-1810), InOOH 

(JCPDS 01-071-2283), and InCl3 (JCPDS 01-070-1238) crystalline phases for the Cu- and In- 

ink, respectively.  The mostly hydroxide nature of the particles and hence weaker 

coordination of the metal cations allows for the complete conversion with elemental selenium 

[14].  

 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 

respective inks were performed in synthetic air to elucidate the Cu and In oxidation and 

decomposition behavior of the organic components (Figure 2 a-b). Simultaneous recording of 

the mass-spectrometry (MS) data of volatile decomposition products at the thermobalance 

exhaust, i.e. mass fractions m/z = 44  (CO2 or CH3CHO) and m/z = 18 (H2O),  provided 

additional information for tracing the underlying phase transformations (Figure 2 c-d). In 

agreement with literature, the endothermic evaporation and decomposition of butyl glycol 

acetate solvent appears at around 190 °C (bp = 192 °C) [24]. The accompanying MS peaks in 

both m/z = 44 and 18 represent decomposition products of the solvent. For the Cu- ink, the 

exothermal peak at 250 °C can be attributed to formation of copper oxide under release of 

H2O (Figure 2d-IIa) and NO (not shown) and the decomposition of stabilizer (Figure 2d-IIb). 

A small exothermal reaction at 300 °C, accompanied by the release of CO2 (Figure 2a, 2c-

IIIa), can be attributed to the decomposition of further organic species, understood as the 

coordinated component of the solvent. The In- ink, in contrast, shows a prolonged exothermal 

reaction from 250 °C to 450 °C. The continuous release of CO2 and H2O during the latter 

suggests a prolonged decomposition of organics and particles. It is worth noting that indium 

oxide is formed already at 300 °C when no organic stabilizer or solvent is used. In the case of 

both inks, no organic decomposition was found beyond 450 °C, suggesting a complete carbon 

removal. 

 

3.2. Liquid phase sintering 

Precursor layers with 5% Cu- and 20- 30% Se-excess in form of a Se top-coating were 

prepared on Mo-covered soda lime glass substrates. In-situ XRD measurements in Figure 3a 
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depict the occurring phase transitions for the precursor layer during heat ramp-up. The color 

scale illustrates peak intensities while assigned crystalline phases are indicted in the graph. 

The Se top layer appears crystalline from 100 °C until 220 °C when it begins to melt. At this 

point, first selenide phases of hexagonal α-Cu-Se (klockmannite (KM), JCPDS: 34-0171) can 

be detected that undergoes a polymorphic transformation to γ-CuSe (JCPDS: 49-1457) around 

270 °C, together with the appearance of orthorhombic CuSe2 (JCPDS: 19-0400). CuInSe2 

(JCPDS 40-1487) begins to form at 300 °C together with cubic Cu2-xSe (JCPDS 06-0680). 

The simultaneous decrease in CuSe phase suggests the reaction of CuSe + InSe → CuInSe2 or 

CuSe + InSe → ½ Cu2Se + ½ Se (liq.) + InSe → CuInSe2 [25,26]. The formation of 

detrimental In2O3 can be seen from 330 °C onwards, decreasing again at 400 °C and being 

completely removed at 450 °C. This is a remarkable finding as no additional reducing 

atmosphere was employed. In agreement with TGA/DTA measurements showing CO2 

evolution at 450 °C (Figure 2c-IIIb), we suggest the oxidation of organics as a possible 

reducing mechanism for In2O3. 

 

Ex-situ measurements were conducted to investigate the sintering behavior. Figure 3b 

depicts the XRF determined total amount of Se as well as the amount of incorporated Se in 

dependence on temperature. The latter value was obtained by evaporating residual elemental 

Se by heating the sample to 170 °C at a pressure of 10-4 mbar. Through this process, we 

observed that the stoichiometric Se amount of 50 at.%, and thus the complete 

chalcogenization of metals, is already obtained at T < 350 °C. The thickness of selenized 

precursor layers from SEM cross-sections dRTP(SEM), normalized by the precursor thickness 

obtained by XRF dprec(XRF) [27], however, indicates further densification until 500 °C. The 

normalization by XRF allows for the decoupling of the actual layer thickness from the amount 

of Cu-In-Se material per unit area. Figure 3c depicts the corresponding cross-sections of 

separate samples from interrupted process steps ranging from 300 – 500 °C. At 300 °C, 

melted Se droplets on top of the porous precursor layer are visible. Further increase in 

temperature increases the wettability of liquid Se and facilitates its penetration into the 

precursor matrix. In agreement with XRF measurements in Figure 3b, an excess of elemental 

Se remains visible for temperatures up to 450 °C. Finally, at 500 °C, all excess Se is 

evaporated leaving a thick, sintered top crust at the surface. 

 

The influence of liquid Se in terms of densification and grain growth is summarized in 

Figure 4. Upon melting of Se from 220 °C onwards, the chalcogenization of the precursor 

takes place. Until 350 °C liquid Se has almost fully penetrated the precursor matrix and the 

majority of chalcogenization reactions are completed. By means of liquid Se, a rearrangement 

of particles occurs that leads to the observed densification of the precursor layer from 300 - 

450 °C.  Capillary forces and the driving force to minimize the interfacial free energy of the 

system – in particular ΔG(liquid-vapor) – give rise to shear and rotational movements of 

particles reducing the porosity from loose random packing to the dense close packing. The 

liquid Se film can thereby act as a lubricant or fluxing agent [28]. For temperatures above 

220 °C a finite amount of CuInSe2 can be soluble in liquid Se [17,29]. Upon evaporation of 

Se, the solubility of CuInSe2 is reduced and solution- reprecipitation occurs. The generation of 
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large crystals is thereby preferred further reducing the interfacial free energy ΔG(solid-liquid). 

This final step, in our case at 500 °C, leads to additional densification and large grain growth 

at the surface of the layer. The grain size can be further increased through temperature and 

time promoted solid state sintering. 

 

3.3. Characterization of CuInSe2 absorber layers 

The capability of liquid-assisted sintering of nanoparticle precursor layers is evident in 

Figure 5a. The depicted SEM cross-section was taken from a precursor layer selenized with 

the liquid-selenium-assisted process described above (after the KCN etching treatment). In 

comparison to films in Figure 3c, the precursor thickness was decreased to avoid the 

formation of a porous bottom layer. Single grains spanning the complete film thickness of 

about 1 µm can be obtained. Laterally, the grains reached an exceptionally large size of up to 

4 µm with a smooth shaped curvature. While XRD showed single phase CuInSe2 material, 

further characterization of elemental distribution was carried out by means of secondary ion 

mass spectrometry (SIMS). Figure 5b shows a smooth Cu and In depth profile throughout the 

absorber with a minor Cu/In increase towards the back contact. Furthermore, the amount of 

Se is homogeneously distributed in the absorber with an increase towards the back contact, 

which related to the formation of a MoSe2 layer, as confirmed also by XRD. Despite the TGA 

results depicting carbon decomposition until 450 °C (Figure 2c), impurity elements such as 

carbon and oxygen can still be detected by SIMS. While the amount on the surface can be 

largely attributed to surface contamination, the increase towards the back contact is significant 

and clearly well above the detection limit. 

 

Admittance spectroscopy measurements were carried out to identify the energetic position 

of defect levels arising from impurities or growth conditions. From the C(f) data, the defect 

spectrum in the band gap of the absorber layer was calculated following the method used in 

Walter et al. [30]. Figure 6a shows two deep defects at 130 and 220 meV with Gaussian 

integrated defect densities of 4 × 1015 cm-3 and 2 × 1016 cm-3, respectively. While the lower 

energy defect could be related to the N1 defect that is typically found in CI(G)S solar cells, 

the origin of the deeper defect is not fully understood yet [31-33]. A possible source could be 

the acceptor-type defects from CuIn
0/- (220 – 320 meV) which have negative formation 

energies at Cu-rich growth conditions [34,35]. C(V) measurements at 300 kHz further reveal a 

freeze-out of the typical capacitance-voltage behavior from room temperature until 120 K 

(Figure 6c). This behavior strongly contrasts that of high-efficiency CIGS solar cells, where 

shallow acceptor-type defects VCu
0/- (30 - 45 meV) are dominant [34]. Simulations with the 1-

D program SCAPS were able to reproduce the freeze out behavior by setting NA(shallow) to 

zero and introducing a deep acceptor-type defect with NA(250mV) = 3 × 1016 cm-3 (Figure 6d) 

[36]. The lifetime was obtained by time-resolved photoluminescence measurements (TR-PL) 

at the band edge emission (E = 1.02 eV) using a single exponential fit (Figure 6b). The short 

minority carrier lifetime of 0.6 ± 0.2 ns, which is two orders of magnitude lower than for high 

efficiency CIGS devices, could be partly related to the large concentration of deep defects in 

the absorber layer [4,37,38]. 



   

 

7 

 

Short minority carrier lifetimes necessitate a good carrier collection to obtain efficient solar 

cells. This was probed on a micro-scale with electron beam induced current (EBIC) 

measurements that were superimposed in red on grey-scale SEM pictures (Figure 7a). Similar 

to observations in the literature for Ga- free absorbers, we found a large carrier collection 

length extending throughout the entire large-grained part of the absorber layer [39,40]. No 

contribution to the carrier collection, however, is seen for the smaller-grained material. 

External quantum efficiency (EQE) measurements corroborate this finding of good collection 

lengths, showing high collection in the long-wavelength region and a flat bias ratio EQE(-

0.5V)/ EQE(0V) at unity (Figure 7b). Devices employing absorber layers from this process 

exhibited up to 8.00% efficiency on a total area of 9 mm2 without AR-coating. Compared to 

CIS cells obtained by PVD, the biggest losses can be attributed to the still low open-circuit 

voltage of 363 mV. This is also in line with temperature dependent JSC-VOC measurements 

between 120 and 300 K that showed an activation energy Ea of the reverse saturation current 

density of 0.8 eV for our devices [41]. Similarly to results from PVD processed Cu-rich 

absorbers the considerably lower activation energy than the band gap indicates dominant 

recombination at the interface [42]. The introduction of a Cu-poor stoichiometry, leading to 

the formation of shallow acceptor-type defects or an ordered defect compound (ODC) phase 

towards the CdS interface, could remedy this problem [35,43]. 

 

 

3. CONCLUSION 

Liquid selenium was shown to act as an effective fluxing agent during the sintering of 

nanoparticle precursor layers below 500 °C. Densification, primarily through the 

rearrangement of particles and solution- reprecipitation, facilitated up to 1 µm thick, dense 

absorber layers with grains up to 4 µm in size. The use of hydroxide based particles with 

organic stabilizers and solvents enabled the conversion without toxic and/or explosive 

H2/H2Se gases. TGA results indicate that the decomposition and oxidation of organics can act 

as a reducing agent to fully convert detrimental In2O3 phases. Cu-rich growth conditions were 

used to ensure good wetting of liquid selenium during the growth [17]. The employed growth 

conditions, however, led to a lack of shallow acceptor-type defects which is believed to be 

limiting the VOC of solar cells. Despite the short minority carrier lifetimes of 0.6 ns, good 

carrier collection lengths in CuInSe2 enabled up to 8.00% efficient solar cells. Further process 

optimization and application of an additional Si3N4 barrier layer to block sodium diffusion 

from the substrate facilitated conversion efficiencies up to 8.73% (VOC = 378 mV, 

FF = 63.9%, JSC = 36.1 mA/cm2) mainly through improvements in VOC and FF. To our 

knowledge, this is the highest efficiency for a CuInSe2 solar cell obtained by a liquid coating 

process without hydrazine solvents or utilizing H2/ H2Se gases. Comparable cell efficiency 

values to Cu-rich PVD-deposited absorbers [44] highlight the potential of non-vacuum 

deposition and liquid-selenium-assisted sintering processes. 
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Figure 1. Transmission electron micrographs and XRD patterns of dried nanoparticle 

precursor inks on a TEM grid. (a) Copper particles were identified as Cu2(OH)3(NO3) while 

(b) indium particles consist of In(OH)3, InOOH, and InCl3 multiphase. 

 

 
 

Figure 2. TGA and DTA measurements in synthetic air of the copper- (a) and indium-ink (b), 

respectively. Together with parallel recorded MS signals m/z = 44 and 18 (c-d), five 

characteristic regimes can be distinguished: I) solvent evaporation around 190 ºC, IIa) Cu-

oxide formation at 250 ºC, IIb) stabilizer removal at 250 ºC, IIIa) decomposition of the 

coordinated part of the solvent for Cu-ink, IIIb) decomposition of the coordinated part of the 

solvent for In- ink and indium oxide formation. 
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Figure 3. (a) In-situ recording of XRD patterns of a selenium-covered precursor layer during 

heating from 150 to 550 ºC. Selenium melting at 220 ºC is followed by the formation Cu-Se 

phases that react to CuInSe2 starting at 300 ºC. Detrimental In2O3 at 330 ºC is completely 

removed at 450 ºC. (b) Thickness ratio dRTP(SEM)/ dprec(XRF), i.e. thickness of selenized 

precursor layers from SEM cross-sections normalized by the precursor thickness obtained by 

XRF, as a measure of layer densification during the heat ramp- up. Total and incorporated Se 

amounts, i.e. amount after removal of residual Se, were determined by means of XRF. (c) 

SEM cross-sections at interrupted process steps at 300 ºC and 350 ºC show the melted Se and 

its penetration into the precursor layer, respectively. Upon evaporation of Se at 500 ºC, grain 

growth and the starting formation of a highly sintered top-crust can be observed. 

 

 
 

Figure 4. Schematic diagram of liquid-assisted grain growth of CuInSe2 absorber layers. 

Molten selenium can penetrate the hydrophobic nanoparticle precursor layer upon 

temperature increase to 350 ºC. The precursor reacts with chalcogen to reach the 

stoichiometric amount of Se. From 300 - 450 ºC, capillary forces cause a rearrangement of 

particles leading to a densification of the film. Upon evaporation of Se around 500 ºC, large 

grain growth is apparent due to the solution- reprecipitation of dissolved chalcogenide phases 

accompanied by solid state sintering. 
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Figure 5. (a) Scanning electron micrographs of selenized precursor layers on Mo/SLG 

substrate after KCN etching. A completely sintered absorber layer of 1 µm thickness and 

lateral grain sizes up to 4 µm can be obtained by reducing the precursor layer thickness. (b) 

SIMS compositional depth profiles of completed cell detecting positive ions (left) and 

CIS/Mo stack detecting negative ions (right). The Se profile appears homogeneous while 

some impurities from carbon and oxygen tend to accumulate towards the back contact. 

 

 
Figure 6. (a) Defect spectra derived from admittance spectra between 140 - 240 K. (b) Time-

resolved photoluminescence of a finished solar cell determines a low minority carrier lifetime 

of 0.6 ± 0.2 ns. The emission energy of 1.02 eV (see inset) confirms the band gap of CuInSe2. 

(c) C(V) measurements show carrier freeze-out for low temperatures. (d) C(V) simulations in 

SCAPS can reproduce this trend with NA(shallow) = 0 cm-3 and NA(250mV) = 3∙1016 cm-3. 
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Figure 7. (a) Electron-beam induced current measurements on a cross-section of a >7% 

efficient device (red colored overlay on SEM image). Carriers generated throughout the large-

grained material are collected, whereas no collection is indicated for the small-grained bottom 

layer. (b) External quantum efficiency and its bias ratio EQE(-0.5V)/EQE(0V) confirms good 

carrier collection efficiency. J(V) measurements display up to 8.00% efficiency for a solar cell 

with printed CuInSe2 absorber layer (total area, without AR-coating). 

 


