
Applied Surface Science Advances 6 (2021) 100144

Available online 24 August 2021
2666-5239/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Inkjet printed CuIn(1-X)GaXSe2 thin film by controlled selenium distribution 
for improved power conversion efficiency in chalcopyrite solar cells 

Brijesh Singh Yadav a,b, Suhash Ranjan Dey b, Sanjay R. Dhage a,* 

a Centre for Solar Energy Materials, International Advanced Research Center for Powder Metallurgy and New Materials (ARCI), PO Balapur, Hyderabad 50005, India 
b Materials Science and Metallurgical Engineering Department, Indian Institute of Technology Hyderabad, Kandi, Sangareddy 502285, India   

A R T I C L E  I N F O   

Keywords: 
CIGS 
Inkjet printing 
Se vapor 
Graphite box geometry 
Fine-grained layer 

A B S T R A C T   

Selenium (Se) vapor pressure is a key factor during the selenization of CuIn1-XGaX (CIG) film to obtain a high- 
quality CuIn1-XGaXSe2 (CIGS) absorber layer. To investigate the effect of Se vapor distribution on the grain 
growth of inkjet printed precursor film, two geometries of graphite box (square and circular) are used. The results 
revealed that selenization in the round graphite box give rise to uniform surface coverage and suppressed fine- 
grained layer due to adequate and uniform distribution of Se vapor. In contrast, film selenized in a square 
graphite box exhibits high strain and low crystallinity with a thick fine-grained layer. Probable Se vapor dis-
tribution inside the graphite box based on internal geometrical constraint and its impact on crystal phase and 
microstructure is discussed. Finally, CIGS devices fabricated using films selenized in a round graphite box 
demonstrates higher power-conversion efficiency of 5.2%, owing to high light absorption and efficient carrier 
separation. Based on J-V and EQE results, probable losses and recombination in the devices are examined and 
discussed.   

1. Introduction 

Chalcopyrite Cu(In, Ga)Se2(CIGS) absorber material emerged as a 
leading candidate among thin film technologies with a record solar cell 
efficiency of 23.35% on lab scale and 17% on module scale [1,2]. 
Non-vacuum processing of CIGS thin film solar cells turns out to be a 
potential alternative to vacuum-based techniques because of its benefits 
such as low fabrication cost, rapid deposition and scalability. The best 
device fabricated by the non-vacuum method showed a champion effi-
ciency of 17.3%, employing a hydrazine solvent, which is toxic and 
explosive [3,4]. In the search for a benign approach, various 
non-hydrazine-based routes have been developed and explored. In 2016, 
Xin et al. reported an 11.3% efficient CIGSSe device by inkjet printing 
using isopropyl alcohol (IPA) as solvent [5]. Park et al. deposited pre-
cursor film by spin coating using methanol as solvent, and the fabricated 
device demonstrated 14.4% efficiency [6]. However, the additional 
requirement of multiple selenization steps using toxic gases (H2S/H2Se) 
as a selenium source makes these routes risky, slow, and unfavorable for 
large area deposition. 

In this regard, Se vapor (i.e., vaporization of Se pellets) have been 
used as a Se source for selenization of precursor film [7–10]. Despite the 

simplicity and non-toxic advantage, the CIGS film selenized in the 
presence of Se vapor, the grain growth is not adequate and leads to the 
bi-layered structure, upper big-grained layer (CIGS-L) and small-grained 
bottom layer (CIGS-F) [11–13]. This phenomenon is more frequently to 
arise in CIGS prepared by the sequential deposition of the precursor 
layer and post-selenization caused by the in-homogenous distribution of 
precursor elements and the lack of Se vapor [14,15]. One of the common 
methods is doping alkali elements such as Na into CIGS films [15,16] to 
improve the absorber film’s crystallinity. The role of dopants involves 
the formation of fluxing agents, which helps facilitate CIGS grain 
growth. Inappropriately, doping methods increase the fabrication 
process’s complexity, and it is hard to eliminate the existence of CIGS-F. 

Additionally, multiple annealing steps in a different atmosphere (Se/ 
N2/Se) for a longer selenization time can promote the inter-diffusion of 
elements and improve the grain growth of CIGS [16]. The long duration 
of the selenization process will induce substantial MoSe2 formation, 
which degrades the final device performance significantly. Excess Se 
content in the graphite box was also used earlier to obtain single-layered 
CIGS film [17,18]. Nevertheless, the inevitable formation of rod-like 
morphology on the film surface because of excess Se vapor condensa-
tion degrades cell performance. Moreover, the removal of deposited Se 
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on the selenization chamber’s wall is highly challenging and 
time-consuming. Therefore, it is of great interest to obtain large-grained 
CIGS with the appropriate composition using a simple and low-cost 
method. Different research groups have utilized the various graphite 
box to improve the Se vapor distribution to enhance CIGS grain growth 
and reduce the CIGS-F layer [19]. Han et al. study the influence of 
partial pressure of Se vapor (PSe) generated inside the closed graphite 
box for solution-processed CIGS solar cells [20]. They revealed that PSe 
is mainly controlled by the graphite box chamber’s background pressure 
and affects the Cu–Se liquid formation at the initial stages of film growth 
responsible for the morphological difference. Ulicna et al. implied the 
closed graphite box with a partial opening in the lid that resulted in a Se 
compositional gradient along with the CIGS depth and decrease device 
performance [21]. Later, Zhao et al. employed the graphite box with a 
pinhole-free lid to increase Se vapor intensity and obtained 
large-grained CIGS film without CIGS-F layer and demonstrated device 
efficiency of 11.8% [22]. It is evident that a closed graphite box 
significantly influences the Se vapor distribution, eventually, the CIGS 
film’s quality. 

To the best of our knowledge, no reports are there on the effect of 
graphite box geometry on grain growth of the CIGS absorber layer. Apart 
from that, the graphite box’s geometry in terms of clearance volume (a 
gap between the substrate surface and the lid) and shape can have a 
notable impact on the intensity and distribution of Se vapor according to 
the model developed by J.J.Scragg et al. for CZTS thin film solar cell 
[23]. In this respect, we have examined and compared the impact of Se 
vapor distribution using two different graphite boxes (square & circular) 
on the structural, morphological, and electrical properties of the inkjet 
printed precursor film, consequent impact on the performance of CIGS 
solar cells. Improved graphite box geometry resulted in high crystal-
linity, uniform grain growth, and the suppression of the CIGS-F layer, 
which eventually resulted in improved power-conversion efficiency of 
5.2%. 

2. Material and methods 

The precursor film (i.e., CIG) was deposited on sputtered Mo coated 
soda-lime glass substrate by inkjet printing. Bi-layered Mo thin film 
(seed + bulk) of about 800 nm was prepared by DC magnetron 

sputtering (VISTARIS 600, Singulus Technology AG) on SLG substrate 
used as a bottom electrode; the process parameters were elaborated in 
our earlier work [24,25]. The CIG precursor ink was formulated by 
dissolving the individual Cu, In, and Ga nitrate hydrate precursors in a 
polyethene glycol (PEG) solution and deionized water. To achieve 
copper poor stoichiometry in final CIGS, the Cu/Ga+In (CGI) and 
Ga/Ga+In (GGI) ratios in ink were taken as 0.99 and 0.27, respectively, 
for all the experiments presented in this work. The inkjet printing 
(L-Series Inkjet printer, Ceradorp, France) and pre-annealing of the 
precursor layer were repeated five times to achieve the desired film 
thickness. The ink formulation and printing strategy were adapted from 
our earlier published work [26,27]. Inkjet printed films were selenized 
in the RTP furnace (QualiflowTherm, France) using a square graphite 
box (hereafter referred to as SB) and circular graphite box (hereafter 
referred to as CB) as presented schematically in Fig. 1. The internal 
volume of the SB and CB is calculated as 44.8 cm3 and 35.16 cm3, 
respectively. Se pellets (four Se pellets each of about 50 mg) were used 
as a selenium source, and the selenization process was performed under 
a continuous flow of N2 gas. 

In this study, two-step selenization profiles are used; 250◦C with a 
holding time of 10 min and 550◦C with 14 min. Based on earlier reported 
literature, it is anticipated that the two-step selenization process would 
generate adequate PSe, promote proper mixing of precursors and trans-
form CIG into CIGS. It is well reported that the selenization of the CIG 
precursor begins at about 480◦C to form a CIGS phase. Yet, a higher 
temperature of about 550◦C is required to moderate secondary phases 
and achieve grain growth in CIGS [28,29]. The CIGS phase formation 
during the selenization of the CIG precursor was intensively investigated 
in the past [30]. Given this and based on earlier reports, a selenization 
temperature of 550◦C was selected. The selenization time of 14 min has 
already been optimized to obtain a highly crystalline chalcopyrite phase 
of the CIGS absorber from the inkjet printed CIG precursor film was 
taken from our previous paper [31]. Subsequently, 60 nm CdS film was 
deposited on top of the prepared CIGS absorber layer using a 
well-proven chemical bath deposition to form a p-n junction [32]. The 
window layers consisting of i-ZnO (50 nm)/Al: ZnO (900 nm) was 
sputtered (VISTARIS 600, Singulus Technology AG) on the 
CdS/CIGS/Mo/Glass stacks; deposition parameters are discussed in our 
earlier publication [33]. The silver paste point contact was used on the 

Fig. 1. Schematic of selenization setup with two different types of graphite box geometry, square and circular, used in the process.  
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top of the isolated active cell area of 0.18 cm2 scribed by mechanical 
scribing for current-voltage (J-V) measurements. All the devices pre-
sented in this work are without any anti-reflective coating. 

Structural analysis of the CIGS films is determined by XRD (CuKα 
radiation, D8 Advance, Bruker, Germany). The film compositions are 
measured by XRF (Model: XDV-SDD, Make: Helmut Fischer, 
Switzerland) technique. The surface and cross-sectional morphologies of 
the CIGS films are examined by FESEM (ZEISS, Gemini-500). The 
topography of CIGS film is studied using a stylus profilometer (Dek-
takXT, Bruker) on a 10 mm × 10 mm scanning area with a 50 nm stylus 
radius. The device performance of the CIGS solar cells is evaluated by 
Newport Oriel solar simulator equipped with a Xenon lamp and Keithley 
source meter under the standard AM1.5G condition. The external 
quantum efficiency (EQE) was measured by a Bentham PVE 300 system 
in the wavelength range of 300 nm to 1200 nm. 

3. Results and discussion 

SB and CB graphite boxes were used to selenize the inkjet printed CIG 
precursor film, as shown in Fig. 1. The elemental composition at 
different segments of selenized CIGS film denoted as SB1, SB2, SB3, SB4, 
CB1, CB2, CB3 and CB4 (refer Fig. 3) is determined by XRF and sum-
marized in Table 1. It is evident that all the selenized films are slightly 
copper-rich (Cu/Ga+In >1) owing to the evaporation of individual 
metal selenide during selenization, in good agreement with the earlier 
literature [34]. Also, minor variation in Cu/Ga+In (CGI) and Ga/Ga+In 
(GIG) ratios is observed in the case of SB sample segments, whereas no 
significant change is detected in CB sample segments. The Se/(Cu-
+In+Ga) (SCIG) ratio, which accounts for the stoichiometric formation 
of CIGS films, is more than 1 in both cases implying the absorption of Se 
in the Mo film to form MoSe2. The noticeable disparity in SCIG ratio was 
found in SB segments (From SB1 to SB4), presumably due to the 
off-stoichiometry reaction of precursor film with the Se vapor. This 

phenomenon of non-uniform selenization can be related to the 
non-uniform Se vapor distribution during selenization. 

The X-ray diffraction (XRD) pattern of CIGS film selenized in SB and 
CB graphite box is shown in Fig. 2. The three major peaks corresponding 
to (112), (220) and (312) (JCPDS: 35-1102), confirming the chalcopy-
rite CIGS structure is present in all the segments, in agreement with the 
reported result [35]. Additional peaks corresponding to MoSe2 (JCPDS: 
29-0914) and Mo (JCPDS: 42-1102) also can be seen in the pattern. 
However, no peaks corresponding to the undesired secondary phases are 
observed. The preferred orientation peak intensity corresponding to the 
(112) plane becomes sharper in the CB sample than the SB sample, 
indicating an improvement in crystallinity. 

The degree of enhancement of crystallinity of the film was studied by 
the full-width half maximum (FWHM) and the average crystallite size by 

Table 1 
XRF elemental composition data of CIGS absorber films selenized using two different approaches; SB and CB.  

Sample ID Thickness(nm) Cu% In% Ga% Se% CIG GIG SCIG 

SB1 1.28 ± 0.18  22.60 ± 0.22  14.44 ± 0.53  5.20 ± 0.79  57.96 ± 2.38  1.15 0.26 1.37 
SB2 1.31 ± 0.09  21.23 ± 0.93  15.56 ± 0.77  5.05 ±0.85  58.16 ± 1.14  1.03 0.25 1.39 
SB3 1.29 ± 0.12  20.01 ± 0.71  14.63 ± 1.19  4.79 ± 0.97  60.57 ± 1.23  1.03 0.24 1.54 
SB4 1.30 ± 0.07  21.72 ± 0.69  15.82 ± 0.95  5.48 ± 0.59  53.50 ± 2.69  1.01 0.25 1.24 
CB1 1.34 ± 0.04  21.84 ± 0.33  16.35 ± 0.56  4.83 ± 0.48  56.98 ± 0.89  1.02 0.23 1.32 
CB2 1.32 ±0.03  21.22 ± 0.40  16.01 ± 0.86  4.80 ± 0.36  57.96 ± 0.43  1.02 0.24 1.37 
CB3 1.34 ± 0.01  21.15 ± 0.19  16.76 ± 0.25  4.19 ± 0.53  57.90 ± 0.37  1.01 0.25 1.37 
CB4 1.35 ± 0.06  22.14 ± 0.02  16.50 ± 0.28  5.21 ± 0.56  56.15 ± 0.25  1.02 0.24 1.28  

Fig. 2. XRD pattern of CIGS absorber films prepared using two different graphite boxes SB and CB. The corresponding plots of β cosθ versus 4 * sinθ are attached in 
the inset of respective XRD pattern. 

Table 2 
A summary of crystallite size and strain determined using W-H equation and 
Scherrer formula derived from XRD patterns of CB and SB processed sample 
segments.  

Sample 
ID 

FWHM 
(degree) 
(112) peak 

Crystallite size 
(nm) from 
Debye Scherer 
formula 

Williamson – Hall analysis    

Crystallite 
size (nm) 

Types 
of strain 

Strain 
(x 
10− 3) 

SB1 0.2260 37.76 37.47 Tensile 3.17 
SB2 0.2079 41.05 41.51 Tensile 3.55 
SB3 0.1949 43.79 44.01 Tensile 3.27 
SB4 0.1968 43.37 43.06 Tensile 2.78 
CB1 0.1852 46.09 46.21 Tensile 2.19 
CB2 0.170 50.21 51.35 Tensile 1.95 
CB3 0.1680 50.80 50.05 Tensile 2.12 
CB4 0.1676 50.93 50.60 Tensile 2.22  
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the Debye-Scherrer equation. The determined values of FWHM and 
average crystallite size for all SB and CB segments are listed in Table 2. 
The average crystallite size for all the four parts corresponding to SB 
exhibited lower values than its counterpart could be due to the non- 
homogeneous selenization resulting in improper selenization in the 
case of SB. Due to the rapid selenization in the RTP furnace, the strain 
may develop in both the films, which is determined by Williamsons-Hall 
(W-H) equation [36]: 

β cosθ = η sinθ +
λ
B

(1)  

Where β is the FWHM of XRD peaks, θ is the Bragg diffraction angle, λ is 
the X-ray wavelength, B is the average crystallite size, and η is the strain. 
The strain in the film is determined from the plot between β cosθ versus 
4 * sinθ for all the samples presented in the inset of the respective XRD 
spectrum. 

The average crystallite size calculated from the W-H plot matches the 
Debye-Scherrer formula, as evident from Table 2. The strain calculated 
from the inset graph’s slope reveals the tensile nature of the films, higher 
in the samples selenized in SB than CB. The lesser clearance volume of 
CB than SB gave rise to high Se vapor pressure resulting in lower strain 
and enhanced crystallite size; this logic is supported by the previously 
reported study [20]. 

In the XRD pattern of SB and CB processed CIGS films, a noticeable 
peak corresponding to the MoSe2 phase can be seen, corresponding to 
the reaction of selenium vapor with the Mo film as selenium vapor in-
filtrates through the precursor film and reaches the Mo surface during 
the process. The selenization approach impacts quantitative MoSe2 
formation as it is directly related to the Se vapor distribution and pres-
sure inside the graphite box. Earlier reports support the MoSe2 forma-
tion at the Mo-CIGS interface; a thin layer of MoSe2 enhances the 

adhesion and improves the Ohmic contact between CIGS and Mo [35]. 
Fig. 3 shows the pictorial image of CIGS films selenized in SB and CB 

and their corresponding surface and cross-sectional morphological 
FESEM images. From Fig. 3 (a) and (b), it is apparent that slight colour 
gradients are present from the center to the edge, suggesting non- 
homogeneous selenization and off-stichometry of the film. It is evident 
from Fig. 3 (b) that the film has multiple cracks marked in yellow color 
ascribed to high strain, whereas the magnified part exhibited varying 
grain size with voids as shown in the inset of Fig. 3 (b). It is anticipated 
that a considerable accumulation of Se vapor towards the SB corners due 
to the sharp edges may lead to the high SCIG ratio causing dark contrast 
in these regions compared to the center. 

The cross-sectional morphology of CIGS film corresponding to the SB 
sample consists of a bi-layered structure, a CIGS-F layer of ~ 850 nm 
underneath a large crystalline grain of CIGS-L layer ~ 770 nm, as shown 
in Fig. 3 (c). 

It is well reported that the bi-layered CIGS structure with a thin CIGS- 
L layer and thick CIGS-F layer increases the charge carrier recombina-
tion, which eventually leads to poor device performance [5]. Insufficient 
Se vapour supply at the bottom of the film promotes this kind of 
morphology and similar phenomena reported previously [17,37]. To 
realize large grains of the CIGS-L layer while minimizing the CIGS-F 
layer, CB was used instead of SB, maintaining other selenization con-
ditions identical. This change immediately led to visibly better surface 
coverage with bigger grains, eliminating color gradients and cracks in 
the CIGS film, as shown in Fig. 3 (d) and (e). Circular and smooth corners 
of CB prevented the accumulation of Se vapor resulting in a non-gradient 
SCIG ratio and similar color contrast. 

Moreover, it enhanced the grain size in a lateral direction, particu-
larly of the CIGS-L layer minimizing the CIGS-F layer, as shown in Fig. 3 
(f). This can be ascribed to maintaining uniform and adequate Se vapor 
pressure during the selenization process. It has been reiterated that the 

Fig. 3. Pictorial, surface FE-SEM and cross-sectional FESEM images of CIGS film selenized in SB (a, b, c) and CB (d, e, f), respectively. The insets in (b) and (e) show 
the corresponding FE-SEM image with higher magnification. 

Fig. 4. Surface topography of selenized CIGS thin film in (a) SB, (b) CB.  
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round shape graphite box can potentially prevent the diffusion of Se 
vapor compare to the rectangular one, also supported by an earlier study 
discussed above. In contrast, large clearance volume and sharp corners 
in SB failed in providing constant Se vapor pressure over the area 
leading to rough and porous morphology. 

The typical surface topography of the CIGS films selenized in CB and 
SB is studied by a 3D profilometer. A film area of 10 mm x 10 mm from 
the center was scanned, and corresponding surface characteristics are 
shown in Fig. 4. The CIGS film selenized in SB exhibits high irregularities 
compared to CB processed film. The surface is expected to provide an 
unfavorable condition for conformal coating or non-uniformity in 
thickness of the CdS layer, which subsequently defines the junction 
quality and solar cell device performance [38–40]. Whereas CB pro-
cessed CIGS showed a smoother surface and well suited for conformal 
growth of CdS deposition. 

Solar cells are fabricated using CIGS absorbers selenized in SB and 
CB. The current-voltage (J-V) characteristics under AM1.5G illumina-
tion is presented in Fig 5(a). As expected, the CIGS film prepared using 
the CB approach exhibited a higher power conversion efficiency of 5.2% 
on an active area of 0.18 cm2 than that of the SB device. The photo-
voltaic parameters of the best cell out of six such as; open-circuit voltage 
(Voc), short current density (Jsc), fill factor (FF), and power-conversion 
efficiency (ƞ) obtained after the measurements are briefed in Table 3. 
Noticeable improvement in cell efficiency from 3.5% (SB) to 5.2% (CB) 
can be correlated to improved CIGS film quality in terms of grain size, 
smoothness, phase purity, and crystallinity of the absorber film. The cell 
processed in CB showed better Voc, Jsc, and FF than the SB due to the 
suppression of the CIGS-F layer and reduced grain boundaries. 

However, the complete elimination of this layer is required to 
improve the cell performance further as it provides high trap density 
states for the photo-generated charge carriers [5,22]. Moreover, the low 
Voc and FF of the film can be attributed to the formation of thick MoSe2 
at the CIGS- Mo interface, which builds the potential barrier for effective 
charge carrier collection. 

The external quantum efficiency (EQE) measurements of cells 
fabricated using the two graphite boxes are shown in Fig. 5 (b). The cell 
selenized in CB exhibited nearly 80% response in the wavelength region 
of 560 nm to 620 nm owing to better charge extraction and collection. 

The EQE response for SB was 70%, corresponding to the trap states in the 
bulk of the CIGS film. It is to be noted that the observed increase in EQE 
in the visible region in the case of CB processed CIGS film can be 
attributed to the significant increase in the collection of minority charge 
carriers. 

The bandgap of absorber films determined by extrapolating the plots 
between [hʋ * ln(1-EQE)] vs Energy (eV) that is estimated to be 1.13 eV 
and 1.14 eV for SB and CB processed CIGS films, respectively. The plots 
are shown in the inset of Fig. 5 (b). Typically, the VOC of solar cell in-
creases with an increasing bandgap of absorber film. In our case, the 
bandgap of CIGS films processed with CB and SB had not differed much, 
further confirmed from the Voc of fabricated solar cells. The gradual 
decay in the EQE response was observed after 620 nm in both cases. This 
behavior corresponds to the rear side recombination arising due to the 
presence of CIGS-F and thick MoSe2. A slight decay below 560 nm is 
observed in all the cells, mainly due to the absorption in the n-type CdS 
layer. 

The uniformity of selenization over the full printed area (15 mm × 15 
mm) is further checked by the average device performance of the printed 
film. Six isolated cells on the total area are measured of each device 
corresponding to SB and CB. The resulting J-V parameters are repre-
sented as boxplots in Fig. 6. Each device is isolated by mechanical 
scribing, as shown in the inset of Fig. 5 (a). It is evident from the results 
that the average efficiency of six cells corresponding to CB is higher than 

Fig. 5. (a) J-V characteristics and (b) EQE spectrum of CIGS solar cells prepared using absorber selenized in SB and CB (the inset is a plot of [hʋ * ln (1-EQE)]2 

against Energy (eV)). 

Table 3 
Photovoltaic parameters of best performed CIGS devices using SB and CB 
measured under AM1.5G illumination.  

Sample 
ID 

Jsc (mA/ 
cm2) 

Voc 

(mV) 
FF 
(%) 

η 
(%) 

Rs (Ω. 
cm2) 

Rsh (Ω. 
cm2) 

SB 25.9 311 44.0 3.5 42.6 180.4 
CB 32.0 320 49.0 5.2 28.1 478  

Fig. 6. Box plots of the J-V parameters of CIGS solar cells correspond to CB 
and SB. 
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its counterpart. 
Moreover, other photovoltaic parameters such as Jsc, Voc, and FF are 

higher than the sample selenized in SB. However, the Voc of both the 
CIGS devices is relatively lower than the state-of-the-art device [41] due 
to the untraceable conducting defects such as Cu2-XSeX in the absorber 
layer, ineffective absorption to CIGS-F layer and recombination assisted 
by the thick MoSe2 layer. 

To put our findings in context, the comparative photovoltaic per-
formance of best reported precursor-based CIGS thin film solar cells by 
non-vacuum route, solar cells by inkjet printing along with the findings 
from the present work summarized in Table 4. 

Compare to state of the art, non-vacuum-based CIGS device, which 
shows Jsc > 33 mA/cm2, the current density measured from our device is 
close to this value and more than the other inkjet printed reports, 
correspond to efficient collection of ~ 80% of the photons above or 
equal to the bandgap by a printed CIGS absorber film. Hence, the current 
density of our printed device is promising. However, our fabricated CIGS 
device suffered from significant Voc and FF limitations compared to 
other mentioned reports in Table 4. Nevertheless, uniform and optimum 
selenium vapor pressure are required to minimize the fine-grained layer 
and MoSe2 layer, which can be achieved by various means such as a 
depositing thin barrier layer on top of Mo film, and multiple selenization 
steps, etc. There has a great potential to improve our CIGS device per-
formance by optimizing the process parameter more precisely. We have 
demonstrated a reasonable PCE of 5.2% on the active area of 0.16 cm2 

employing a circular graphite box. 

4. Conclusions 

A comparative investigation on the effect of Se vapor distribution 
using two different geometries of boxes is presented. The inkjet printed 
CIG film selenized in SB exhibited off-stoichiometry, non-uniform 
grains, color gradient and cracks on the surface attributed to inadequate 
and non-constant Se vapor distribution originated by the geometrical 
constraint of the box. The redesigned features of CB, such as smooth side 
corners and lower clearance volume, helped in maintaining the Se vapor 
distribution uniformly and adequately throughout the selenization. This 
leads to high-quality CIGS formation with high crystallinity, a very thin 
CIGS-F layer and larger grains on the surface and along the cross-section. 
The device fabricated using CB demonstrated 5.2% efficiency, which is 
higher than that of the using SB. However, incomplete elimination of 
CIGS-F layer and thick MoSe2 at CIGS- Mo interface induces gradual 
decay of the EQE curve after 620 nm suggesting that the selenization 
process could be further fine-tuned to reduce the back-contact 
recombination. 
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