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Abstract 
The properties of centimeter-sized thin-film compound semiconductors depend upon the morphology and chemical composition of the multiple 
submicrometer-thick elemental and alloy precursor layers from which they are synthesized. The challenge is to characterize the individual 
precursor layers over these length scales during a multistep synthesis without altering or contaminating them. Conventional electron and 
X-ray-based morphological and compositional techniques are invasive, require preparation, and are thus incompatible with in-line synthesis 
processes. In a proof-of-concept study, we applied confocal laser scanning microscopy (CLSM) as a noninvasive optical imaging technique, 
which measures three-dimensional surface profiles with nanoscale resolution, to this challenge. Using an array of microdots containing 
Cu(In,Ga)Se2 semiconductor layers for solar cells as an example, we performed CLSM correlative studies to quantify morphological and layer 
thickness changes during four stages of a thin-film compound synthesis. Using simple assumptions, we measured the micrometer-scale 
spatially resolved chemical composition of stacked precursor layers to predict the final material phases formed and predict relative device 
performance. The high spatial resolution, coupled with the ability to measure sizeable areas without influencing the synthesis at high speed, 
makes CLSM an excellent prospect for research and quality control tool for thin films. 
Key words: confocal laser scanning microscope, correlative spectroscopy, Cu(In,Ga)Se2, noninvasive in situ measurement, process monitor and control, 
sequential elemental stacks 

Introduction 
Thin-film devices, such as thin-film solar cells (France et al., 
2022), water splitting devices (Pan et al., 2020; Ye et al., 
2021), thin-film batteries (Moitzheim et al., 2019; Yasuhara 
et al., 2019), or thin-film transistors (Choi et al., 2020;  
Shiah et al., 2021), contain multiple nanometer-to- 
micrometer-thick layers which require careful and precise 
morphological control during both research and industrial 
production phases. For the case of Cu(In,Ga)Se2-based thin- 
film solar cells, the most complicated layer within such a de-
vice stack is a multinary semiconductor layer, which itself is 
synthesized in situ on the device structure from the reaction 
of two or more so-called precursor layers and one or more re-
active gasses. Despite this complexity, this approach is used in 
the world record power conversion efficiency of Cu(In,Ga) 
Se2-based solar cells (Nakamura et al., 2019). The layer thick-
ness, morphology, and composition of the precursor layers 
critically influence the semiconducting properties of the final 
layers. Therefore, fast noninvasive in-line metrology of these 
precursor layers as well as the formed semiconductor after re-
active annealing would enable a greater understanding of the 
synthesis process and also offer quality control. 

Traditional thin-film metrology techniques are stylus profil-
ometry, atomic force microscopy, scanning, or transmission 
electron microscopies, which can resolve surface features 
down to the nanoscale and allow to explore morphological 

changes such as surface roughness, growth modes, particle 
size, shape, and distribution, as well as layer thickness. To per-
form local composition analysis, energy-dispersive X-ray 
spectroscopy (EDX) is suitable, and for large areas, X-ray 
fluorescence is commonly used given its accuracy. However, 
all of these techniques suffer from the risk of one or more of 
the following: alteration of the sample during measurement 
preparation, alteration of the sample by the characterization 
probe, vacuum exposure, or carbon deposited on the surface 
(Vladar & Postek, 2005). The drawbacks of these techniques 
imply that they are not suitable for investigating changes to the 
morphology or composition of a thin film as it flows through a 
multistep synthesis. Ideally, a method is needed that requires 
no alteration of the sample, uses a low-energy probe, measures 
large areas with micrometer precision on a time scale of mi-
nutes, allows analysis in an identical location after each pro-
cess step, and leaves no contamination. 

Confocal laser scanning microscopy (CLSM) is a rapid, 
noninvasive optical technique with tens of nanometer depth 
resolution, which enables the reconstruction of a three- 
dimensional (3D) representation of the material’s surface. 
Two different modes have been developed: fluorescence and 
reflectance mode (Webb 1996). The reflectance mode relies 
on light reflection from the surface. The simplicity and flexibil-
ity of CLSM has motivated its application in a wide range of 
fields, in particular life science (Konishi et al., 2003; Jones 
et al., 2005; Blouin et al., 2018). In their review, Teng et al. 
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(2020) demonstrate the applicability of CLSM to material sci-
ence with examples of characterization of surface structures 
(Yoon et al., 2006; Hongru et al., 2017; Merson et al., 
2018), porous structures (Bruns et al., 2010; Yio et al., 
2015), surface-modified groups (Li et al., 2018; Tian et al., 
2019), spatial organization of microstructures (Lamprecht et 
al., 2000; Nishiyabu & Shimizu, 2016; Pyo et al., 2019), 
and also real-time analysis of crystal growth or chemical reac-
tions (Wan et al., 2011; Cenker et al., 2012; Marcellini et al., 
2016; Han et al., 2017). Phase formation, diffusion, or defect 
formation studies were also demonstrated with CLSM in di-
verse materials (Nakamura et al., 2009; Lin et al., 2012;  
Cao et al., 2021; Li et al., 2022a, 2022b), putting forward a 
wide range of applications. Given the success of CLSM in 
these applications, we hypothesized that it could be used in 
a multistep thin-film synthesis to not only follow morphology 
changes in identical locations but also perform compositional 
elemental analysis and correlative analysis. 

In this study, we show how CLSM can be used in the in-line 
sequential synthesis of Cu(In,Ga)Se2 (CIGSe) both locally on 
the hundreds of micron scale and globally over the wafer. 

The sequential synthesis starts with the growth of the pre-
cursor metal layers (Cu, In, and Ga). In fact, to ensure the 
highest-quality CIGSe semiconductor layers, which help to 
produce high-efficiency devices, the precursor metal layers 
are required to be compact and smooth (Bi et al., 2016), and 
their relative elemental composition must be precisely con-
trolled (Han et al., 2016). The crucial relative composition is 
monitored by the elemental ratio CGI = [Cu]/([Ga] + [In]), 
which is dictated by the thickness of the individual metal 
layers. To illustrate this concept, Figure 1 shows a schematic 
representation of a precursor stack and the resulting phases 
formed after the synthesis of the CIGSe semiconductor layer. 

On the one hand, if the precursor stack contains more In 
and Ga atoms compared with Cu, a defective CIGSe phase, 
Cu1(In,Ga)3Se5, is expected to form (Zhang et al., 1998). 
On the other hand, in the case of a higher number of Cu atoms, 
the excess Cu atoms will form a detrimental secondary 
Cu2−xSe phase (Park et al., 2000). The exact CGI ratio controls 
the phases formed (Stanbery, 2002; Baek et al., 2011), carrier 
transport, optoelectronic properties, and the power conversion 
efficiency of the resulting solar cell (Siebentritt et al., 2013). 
Thus, we exploit the ability of CLSM to measure the thickness 
of thin films to monitor the precursor’s CGI ratio. 

Here, we present a proof of concept of using CLSM to ob-
tain compositional information of thin films and show how 

to use this information to anticipate material-phase formation 
after reactive annealing at the end of the synthesis. For this, we 
showcase a typical sequential synthesis process adapted to mi-
crosolar cells for potential light concentration applications. 
With this work, we show the heretofore unrealized potential 
and general applicability of CLSM to thin-film synthesis in re-
search and industry. 

Materials and Methods 
CLSM is a noninvasive optical technique with micrometer spa-
tial and nanometer depth resolution, which enables the recon-
struction of 3D images of a specimen’s morphology. In 
reflectance mode (Fig. 2), a laser light source is focused onto 
the sample’s surface. The reflected light is filtered by a pinhole, 
which allows us to selectively detect the light that originated 
from the focal plane. A two-dimensional (2D) image of the sur-
face features is obtained by rastering the laser using a set of 
scanning mirrors. Finally, a 3D image is obtained by assembling 
a stack of 2D images measured at the different focal plane posi-
tions. This process is also known as “optical sectioning”. 

CLSM measurements of an area yield both an optical image 
and a height map. Being able to measure the same region of 
interest before and after any process allows for the conduct 
of correlative studies and observation of the evolution of the 
sample to quantify the changes in morphology and even de-
duce elemental composition information. To demonstrate 
these concepts, we monitor a typical sequential synthesis pro-
cess of microsolar cells using CLSM and compare the morpho-
logical and compositional results with EDX and phase 
formation with micro-Raman spectroscopy. 

The studied synthesis comprises the selective deposition and 
mixing of four elements to grow CIGSe semiconductor ab-
sorber layers in a templated array of microdots to form the 
lower half of the solar cells. Figure 3 shows a schematic of 
the four steps involved, starting from a 2 mm thick soda-lime 
glass substrate covered with a 500 nm thick molybdenum 
(Mo) layer onto which a 2 µm thick patterned SiO2 mask 
was grown to allow for selective electrodeposition into an ar-
ray of microdots (Sadewasser et al., 2017). Here, we define a 
dot to mean a hole in the SiO2 with a diameter in the microm-
eter range reaching down to the underlying Mo. The first two 
synthesis steps are similar in that they consist of the electrode-
position of metal layers inside the 2 µm deep holes, where con-
ductive Mo is exposed. In the first case, a Cu precursor layer is 
electrodeposited at 25°C, whereas in the second case, the 

Fig. 1. Schematic representation of the metal precursor stack on molybdenum (Mo)-coated soda-lime glass (SLG), with three different CGI ratios and the 
respective resulting phases after reactive annealing in selenium to form the final CIGSe semiconductor layer. The relative thickness of the layers is not to 
scale.   
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co-electrodeposition of In and Ga is done simultaneously 
at 60°C (Siopa et al., 2020). At this stage, we obtain an 
array of stacked metals, which we denote as precursors. 
Subsequently, we perform a reactive annealing treatment of 
the precursor metal stacks in a Se-containing atmosphere (se-
lenization) to incorporate the selenium, mix the elements uni-
formly, and finally form the micro-CIGSe semiconductor 
absorber layers (Poeira et al., 2023). 

Before and after each step, we measured the images and 
height maps of all microdots with the CLSM. Since our pro-
cess is sequential and we have a reference height plane that 
does not change (SiO2), we can track the evolution of the pro-
cess. In Figure 4, we exemplify how to calculate an xy-resolved 
thickness map from the empty and electrodeposited Cu micro-
layer height maps of one dot. First, we set the surrounding 
SiO2 matrix as the height reference (height = 0 µm) for all 
the involved height maps. Then, to obtain the Cu thickness 
map (Fig. 4c), we subtract the empty dot height map 

(Fig. 4a) from the Cu film height map (Fig. 4b). The attentive 
reader will notice that the empty dot depth, shown in  
Figure 4a, is calculated to be 0.5 µm instead of the above- 
mentioned 2 µm. This is due to the SiO2 being mostly trans-
parent to the CLSM light source’s wavelength, leading to an 
underestimated depth. However, since the SiO2 matrix is 
merely used as a reference plane, and is not modified through-
out the process, the subtraction of the two height maps gives 
back a reliable thickness measurement, as elaborated in  
Supplementary material. 

From the average thickness d of a layer, one can estimate the 
contained number of atoms Nx, that make up the layer, using  
equation (1) and assuming a constant volume density ρx, 
which we considered to be the bulk values. More precisely, 
we assume a density of 8.96 g/cm3 for Cu, whereas for the 
In and Ga layers, we calculate a weighted average of the 
respective densities, 7.31 g/cm3 for In and 5.90 g/cm3 for Ga 
(Haynes et al., 2016). The surface area A, molar mass Mx, 
and Avogadro’s number NA are constants. Transforming the 
height data in this way allows us to perform elemental 
analysis. 

Nx =
ρx · A ·NA

Mx
· d (1) 

To complete the conversion of the micro-CIGSe semiconduc-
tors into solar cells, a 10 wt% potassium cyanide aqueous treat-
ment is applied for 1 min to remove unwanted copper selenide 
phases, directly followed by a chemical-bath-deposited 50 nm 
CdS buffer layer (Sood et al., 2020). The window layers are 
composed of 50 nm intrinsic ZnO and 400 nm Al-doped 
ZnO, which were deposited by radio-frequency magnetron 
sputtering. 

Optical images and height maps were acquired using a 
CLSM (Keyence VK-X1000) equipped with an UV laser 
(404 nm) and Nikon IC EPI PLAN lenses with magnification 
and respective numerical apertures of 5×/0.13, 20×/0.46, 
and 50×/0.95 (APO). Except where specified otherwise, 
the height maps were measured using the 20×/0.46 lens. 
The instrument’s height measurement error is 12 nm for the 

Fig. 2. Schematic representation of the confocal laser scanning 
microscopy components and working principle.  

Fig. 3. (a) Optical image of a fraction of the array with empty dots, measured with a 5×/0.13 lens. The exposed Mo layer has a silverish appearance. (b) 
Schematics of the micro-CIGSe semiconductors multistep synthesis process. Schematics are not to scale: SiO2 thickness ∼2 µm, dot diameter 300 µm, 
center-to-center distance 2 mm. (c) Confocal laser scanning microscopy measured the height maps of the dots at the different stages of the synthesis.   
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50×/0.95 lens and 40 nm for the 20×/0.46 lens. The time for 
the acquisition of one image, and respective height map, is 
about 30 s for the system mentioned. In addition, elemental 
mappings were recorded with a Zeiss EVO10 microscope 
coupled with an UltimMax40 detector for EDX. Material- 
phase analysis was performed using a Renishaw inVia 
micro-Raman spectrometer equipped with a 532 nm laser ex-
citation in conjunction with a 2,400 lines/mm grating. After 
device completion, each microsolar cell was electrically iso-
lated by tape masking before sputtering the window layers. 
Current–voltage (JV) curves were measured under AM1.5 illu-
mination using an AAA-class solar simulator. 

Results and Discussion 
As discussed in the introduction, to ensure the highest-quality 
CIGSe layers, which lead to high-efficiency devices from 
stacked precursor layers (Bi et al., 2016; Siopa et al., 2020), 
we aim to produce compact, smooth, and thickness-controlled 
metal layers. An example of the contrary case is shown in  
Figure 4, where a nonuniform thickness distribution is ob-
served, with a preferential growth of Cu at the center of the 
dot, leading to a thinner Cu layer at the periphery. This could 
be explained by an inhomogeneously oxidized or contami-
nated Mo surface in this particular microdot, which influences 
the nucleation process during the early stages of the electrode-
position (Bi et al., 2016; Hamdi et al., 2021). 

Moving on to the co-electrodeposition of In and Ga, one can 
isolate the thickness map of the In,Ga layer (Fig. 5b) from the 
Cu(In,Ga) microprecursor stack height map (Fig. 5a) by pro-
ceeding similarly as detailed previously for the Cu layer. 

The typical formation of In islands embedded in a In,Ga al-
loy layer is observed, as reported in the literature (Malaquias 
et al., 2014). Merely from the height map (i.e., top view) of the 

Cu(In,Ga) stack, we cannot distinguish whether the depos-
ition of In and Ga was homogeneous, as the underlying in-
homogeneous Cu layer highly affects its morphology. 
However, by isolating the thickness map of the In,Ga layer 
from the metal stack (see Fig. 5b), it is visible that the In islands 
grew preferentially at the lower edge of the microdot. 

The analysis is extended to the complete array of 49 micro-
dots, allowing us to perform statistics and analyze wafer-scale 
effects. Figure 6 shows maps of the average layer thickness and 
respective root mean square (RMS) roughness on each individ-
ual microdot that makes up the array. 

By associating each thickness value with the respective array 
position, we can study the spatial distribution of the micro-
dots’ thicknesses, as shown in Figures 6a and 6b. With this re-
presentation, we observe that in general, the average thickness 
of Cu deposited in each dot was similar, with a few outliers, 
suggesting that some microdots had a contaminated Mo sur-
face prior to the deposition, which may have caused a locally 
unfavorable growth. However, looking at the In and Ga spa-
tial distribution, a thickness gradient is clearly present from 
the periphery to the center of the array. Uniformly thick In 
and Ga deposits can be achieved over larger areas than those 
mentioned here if a sufficiently negative potential is applied 
above a threshold to the substrate (Malaquias et al., 2014). 
If the potential is below this threshold, the rate of electrodepo-
sition will proceed slower in the middle. Electrical contacts to 
the array are made on the corners of the wafer, and we propose 
here that either the deposition potential was insufficiently 
negative or the Mo resistance was higher than expected, 
both leading to a more positive potential toward the array cen-
ter and thus less In and Ga deposition. With regard to the dis-
tribution of layer’ thickness, we note that the target was to 
electrodeposit 330 nm of Cu and 550 nm of In and Ga per 
microdot. From the thickness distribution in Figure 6c, we 

Fig. 4. Confocal laser scanning microscopy height maps for (a) empty dot and (b) electrodeposited Cu film. (c) Electrodeposited Cu film thickness 
calculated from height maps: c = b − a. The region surrounding the microdot is an insulating SiO2 matrix that was set to a zero-reference height. Note the 
change in intensity scale for (c).  

Fig. 5. (a) Confocal laser scanning microscopy height map for Cu(In,Ga) stack. (b) Calculated (In,Ga) film thickness from stack’s height and Cu thickness 
maps. Note each image has a different scale.   

4                                                                                                                                          Microscopy and Microanalysis, 2023, Vol. 00, No. 0 
D

ow
nloaded from

 https://academ
ic.oup.com

/m
am

/advance-article/doi/10.1093/m
icm

ic/ozad105/7321079 by U
niversite de Luxem

bourg user on 18 O
ctober 2023



calculated an average thickness of 360 nm with a deviation of 
50 nm, which is in agreement with the expected value. 
However, in the case of In and Ga, we found an average 
thickness of 260 ± 60 nm, which deviates from the expected 
thickness. We believe that this is attributed to the low faradaic 
efficiency of the co-electrodeposition. 

Proceeding with the roughness spatial distribution of Cu 
and In and Ga layers, in Figures 6d and 6e, one notices a close 
correlation with the respective thickness maps, as in general, 
the roughness increases along with the layer’s thickness. 
Indeed, the microdots at the center were relatively thin, lead-
ing to low roughness, whereas the peripheral microdots 
grew thicker, with taller In islands, causing high roughness. 
As for the layers’ roughness distribution (Fig. 6f), we observe 
that the Cu layers are considerably smoother compared with 
the (In,Ga) layers, which is inherently linked to the island 
growth mode of In during the co-electrodeposition 
(Malaquias et al., 2014). Additionally, the roughness distribu-
tion of (In,Ga) is much broader than that of Cu due to the po-
tential edge-to-center gradient mentioned previously. 

The morphology study allowed us to investigate the growth 
process and provided statistics on the metallic layers, both at 
microdot and array levels. As explained in the methods, we 
can relate the thickness of each layer with the number of con-
stituent atoms, which opens the possibility of estimating the 
stacks’ composition with CLSM. Therefore, from the thick-
ness maps of the two layers, one can calculate both an average 
and a spatially resolved map of the characteristic composition 
ratio CGI = [Cu]/([Ga] + [In]). As discussed in the introduc-
tion, controlling the CGI ratio is critical to achieve high- 
quality CIGSe semiconductor material, thus monitoring this 
parameter without influencing or contaminating the synthesis 
process is important. To simplify our composition calculation, 
we assume no interdiffusion occurred between the two depos-
ited layers. In Table 1a, we summarize the average CGI ratio 
of each microprecursor in the array, which was calculated us-
ing the respective CLSM thickness maps. To cross-check the 
validity of the calculation, an average composition of each mi-
croprecursor was also measured with large-area EDX and 
shown in Table 1b. 

Fig. 6. Array statistics of Cu and (In,Ga) layers average thickness (a–c) and roughness (d–f). Heatmap representation of the array of Cu layers’ (a) thickness 
and (d) RMS roughness. Heatmap of (In,Ga) layers’ (b) thickness and (e) RMS roughness. Frequency distribution of the 49 microdots of Cu and In,Ga (c) 
layer thickness and (f) RMS roughness. Thickness measurement error is ±0.08 µm.  

Table 1. Average CGI Ratio of a MicroPrecursor Array Measured with (a) CLSM and (b) EDX. A color scale was applied to both tables, 
where blue indicates a low CGI ratio and red refers to a high CGI within the respective dataset. 

(a) A B C D E F G (b) A B C D E F G
1 2.4 1.9 2.1 1.4 2.4 2.4 2.8 1 0.9 0.9 0.9 0.6 1.0 0.9 0.9
2 2.4 2.6 2.8 2.9 3.2 2.8 2.7 2 1.0 1.0 1.0 1.2 1.0 0.9 0.9
3 2.5 2.9 3.5 4.0 3.6 3.1 2.9 3 0.8 1.1 1.3 1.4 1.2 1.0 0.9
4 2.6 3.7 4.6 6.9 4.1 3.4 3.0 4 1.1 1.3 1.0 2.0 1.4 1.1 1.0
5 2.7 3.6 4.5 5.0 2.8 2.7 2.8 5 1.1 1.3 1.5 1.8 1.3 1.1 0.9
6 3.2 3.4 3.5 3.5 3.1 2.8 3.0 6 1.0 1.3 1.2 1.4 1.3 1.0 0.9
7 2.8 1.8 2.8 2.9 3.0 2.6 2.7 7 1.1 0.8 1.1 1.0 1.0 1.3 0.9
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To facilitate comparison, we applied a common color scale 
to both tables to illustrate the positive correlation (correlation 
coefficient: 0.85) between the two data sets. It is worth noting 
that EDX compositional analysis on layered stacks is not 
straightforward (Fitting et al., 1997, 2007), which explains 
the need for a conversion factor to relate the two data sets. 
Despite this, the high correlation means that CLSM can, in 
principle, reliably measure the microprecursor’s CGI ratio. 

Above, we compared the CGI ratio of the microprecursors to 
prove the concept; however, ultimately, the parameter of inter-
est is the final semiconductors’ CGI ratio, where the precursor 
bi-layer structure is reacted away and all the elements have in-
timately mixed to form the CIGSe compound. For this, we use a 
set of microprecursors which span the CGI interval of interest 
for device fabrication. Thus, we compare the CGI ratio of the 
microprecursors from CLSM with CGI measured from EDX 
after selenization, meaning, after the formation of the CIGSe 
semiconductor, as plotted in Figure 7. To maximize vertical 
resolution, the measurements are performed by using the 
50×/0.95 lens. The results show a direct linear trend between 
CLSM precursor CGI ratio and EDX semiconductor CGI ra-
tio, implying that the average composition of the final CIGSe 
semiconductor can be measured accurately with CLSM before 

the reactive annealing step. Assuming that EDX perfectly de-
scribes the CGI ratio, we hypothesize that our fit deviates 
from the ideal case (y = x), due to the peculiar morphology of 
the In and Ga alloy layer which changes spatially. 

Going one step further and exploiting the micrometer spa-
tial resolution of the CLSM thickness maps, one can compute 
a qualitative CGI ratio map for each dot by calculating the ra-
tio between the Cu and In and Ga thickness maps, as shown in  
Figure 8a. Given the z-resolution of CLSM, some pixels in the 
In and Ga thickness map displayed a value close to zero or 
even negative, which would distort the CuGaIn scale bar. To 
prevent this distortion, we have zeroed any negative value 
and added 10 nm, which is below the CLSM resolution, to 
the In and Ga layer thickness map before calculating the 
CuGaIn map. Looking inside a single microdot helps to distin-
guish between high CuGaIn (Cu-richer) and low CGI ratio 
(Cu-poorer) regions, which has been shown to be critical for 
the formation of secondary phases, impacting the perform-
ance of the CIGSe semiconductor (Grabitz et al., 2006;  
Abou-Ras et al., 2018). 

For a direct comparison, an EDX elemental map was meas-
ured before and after selenization, and CuGaIn maps of the 
precursor and semiconductor were calculated in Figures 8b 
and 8c, respectively. Focusing on the precursor CuGaIn 
maps, one can observe that both techniques yield a similar 
CGI distribution within the microdot. The calculated precur-
sor CGI ratio maps are characterized by dark blue patches aris-
ing from the morphology of the In islands that typically form 
during the co-electrodeposition step (Malaquias et al., 2014). 
Indeed, a larger concentration of In results in a low CGI ratio. 
Conversely, the central region of the microdot shows a high 
CGI ratio, which comes about due to the observed preferential 
deposition of Cu in this area for this particular microdot. 
Consequently, after selenization, we expect a higher CGI ratio 
in this central region compared with the periphery. The result-
ing CGI spatial distribution of the semiconductor, shown in  
Figure 8c, corroborates with the conclusions drawn from the 
CLSM precursor CGI map in the sense that the central region 
of the semiconductor shows indeed a high CGI ratio, whereas 
a low CGI characterizes the periphery. Nevertheless, the effect 
of the diffusion of elements during the selenization process is 
clearly visible when comparing both CGI maps. In fact, the pre-
cursor’s In islands are completely smeared out after the CIGSe 
formation, whereas the Cu-rich central region is still identifi-
able, which suggests that the lateral diffusion length of Cu is 
not high enough to homogenize the CGI distribution from 
the precursor. Thus, in our sequential process, the morphology 

Fig. 7. Compositional CGI ratio of precursor stack measured with 
confocal laser scanning microscopy compared with the final CIGSe 
semiconductor layer CGI ratio measured with energy-dispersive X-ray 
spectroscopy. Linear fitting parameters are shown as inset. Solid line is a 
linear fit, whereas dashed line corresponds to the ideal case y = x. 
A 50×/0.95 lens was used for this set of measurements.  

Fig. 8. Spatially resolved CGI mapping of: (a) precursor stack measured with confocal laser scanning microscopy with noncalibrated scaling due to the 
divide by zero error discussed in the text, (b) precursor stack measured with energy-dispersive X-ray spectroscopy (EDX), and (c) semiconductor stack 
measured with EDX.   
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of the Cu layer must be smooth and uniformly thick to achieve 
a homogeneous CGI distribution. 

With the CLSM information, one can anticipate the semi-
conductor’s CGI lateral profile from the precursor. 
Furthermore, knowing the composition’s spatial distribution 
beforehand allows us to anticipate which phases are more like-
ly to form in the different regions of interest, by referring to the 
material’s phase diagram. In our case, assuming a sufficient 
supply of Se during selenization, a CGI > 1.0 results in the for-
mation of a conductive secondary phase, namely Cu2−xSe, in 
addition to the main CIGSe phase of interest. Referring back 
to our CGI profiles, in Figure 8, the regions more likely to 
form a Cu2−xSe phase are the regions shown in red. To confirm 
this hypothesis, we measure micron-resolved Raman spectros-
copy which provides information on the vibrational modes of 
the crystalline structures and allows us to identify the phases 
that are present at the surface of the material. Reports in the lit-
erature show the main vibrational modes of CIGSe and Cu2−xSe 
in Raman are characterized by intense peaks at 174 and 
260 cm−1, respectively (Witte et al., 2006, 2008; Schmid et al., 
2016). To have spatial information, a map of spectra was ac-
quired, from the same semiconductor discussed in Figure 8 (re-
peated in Fig. 9a for easier comparison), and the intensities 
measured at 174 and 260 cm−1 are mapped in Figures 9b and 
9c, respectively. As a guideline, a higher intensity suggests the re-
spective phase is present and lower intensity means it is absent. 

First, it is worth noting that the Raman maps have the same 
pattern as observed in the previously discussed CGI ratio 

maps. In fact, we observe that the high CGI region matches 
the spatial distribution of the Cu2−xSe phase from Raman, 
which corroborates with the material’s phase diagram. 
Regarding the CIGSe phase, one can see that it is the main 
phase present in the lower CGI region in the CGI maps. 
Note that since Raman is surface sensitive, one cannot draw 
information from the phases present in the bulk, which is 
also why the Raman maps are complementary. 

Finally, two micro-CIGSe semiconductors (B1 and B2), 
with different CGI spatial distributions, were completed into 
devices and the current–voltage (JV) curve was measured 
(see Fig. 10a). The CGI distribution of the latter semiconduct-
or was more homogeneous throughout the dot compared with 
that of the former semiconductor (see Fig. 10c). As shown in  
Figure 10, the most homogeneous semiconductor shows a 
higher power conversion efficiency; however, we suspect 
that its absolute value is still relatively low due to the 
Cu-rich (CGI > 1.0) nature of the overall precursor, which is 
known to strongly deteriorate performance. 

Conclusions 
This work shows that CLSM enables a noninvasive investiga-
tion of multistep thin-film synthesis processes. We have 
showcased our CIGSe microsolar cell synthesis process, 
where we have performed statistical analysis at individual 
microdot and array levels. We demonstrate how to measure 
precursor composition in sequential processes and how it 

Fig. 9. (a) Spatially resolved CGI ratio mapping of precursor stack measured with confocal laser scanning microscopy. Raman intensity mapping of final 
semiconductor: (b) CIGSe A1 mode at 174 cm−1 and (c) Cu2−xSe A1 mode at 260 cm−1.  

Fig. 10. (a) Measured JV characteristics of two microsolar cells based on semiconductors B1 and B2. (b) Table summarizing main JV parameters of both 
devices. (c) B1 and B2 precursor CGI distribution maps are shown. To reduce noise on maps, a two-pixel Gaussian smoothing was applied to both CGI 
distributions.   
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correlates to the formation of different material phases after 
an annealing process. The two major findings of this work are 
that with simple assumptions, we can calculate the elemental 
ratio of the semiconductor and that monitoring the individual 
components allows us to do correlative spectroscopy studies 
and study how the system evolves from one step to the following. 
Thus, we can predict the composition and anticipate inhomoge-
neities within the precursor resulting in a less-performing device. 
In the future, we will investigate new electrodeposition bath 
chemistries and plating routines for Cu, In, and Ga deposition 
into the arrays of holes, and we will be able to investigate and 
compare height inhomogeneities and roughness values between 
the different process conditions in a statistically significant man-
ner, given the large number of dots on each array. By examining 
the distribution of the elements, we will be able to anticipate in 
advance and make correlations with the quality of our semicon-
ductor devices. 

The CLSM analysis approach presented in this work is easily 
transferred to other multistep synthesis such as thin-film batteries 
and transistors, microstructured layers, etc. Furthermore, despite 
the demonstrated synthesis being additive, the CLSM analysis is 
equally compatible with subtractive processes such as photolith-
ography. Two caveats for the general use of this method are that 
(i) the layers’ surface of interest should be sufficiently reflective to 
avoid erroneous measurements caused by reflections from under-
lying interfaces and (ii) the absolute values of the elemental ratios 
depend on knowing the density of the deposited layers. The add-
itional advantages of CLSM are that it involves no sample prep-
aration, and measurements of arrays or large areas are possible 
within a timescale of minutes. These combined advantages 
show that CLSM can be applied to both industrial quality con-
trol and research for conducting fundamental analysis such as 
diffusion studies in thin films. 
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To view supplementary material for this article, please visit  
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