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A new approach 
to three‑dimensional 
microstructure reconstruction 
of a polycrystalline solar cell using 
high‑efficiency Cu(In,Ga)Se2
Chang‑Yun Song 1*, Matthias Maiberg 1, Heiko Kempa 1, Wolfram Witte 2, Dimitrios Hariskos 2, 
Daniel Abou‑Ras 3, Birgit Moeller 4, Roland Scheer 1 & Ali Gholinia 5

A new method for efficiently converting electron backscatter diffraction data obtained using serial 
sectioning by focused ion beam of a polycrystalline thin film into a computational, three-dimensional 
(3D) structure is presented. The reported data processing method results in a more accurate 
representation of the grain surfaces, reduced computer memory usage, and improved processing 
speed compared to traditional voxel methods. The grain structure of a polycrystalline absorption 
layer from a high-efficiency Cu(In,Ga)Se2 solar cell (19.5%) is reconstructed in 3D and the grain size 
and surface distribution is investigated. The grain size distribution is found to be best fitted by a log-
normal distribution. We further find that the grain size is determined by the [Ga]/([Ga] + [In]) ratio in 
vertical direction, which was measured by glow discharge optical emission spectroscopy. Finally, the 
3D model derived from the structural information is applied in optoelectronic simulations, revealing 
insights into the effects of grain boundary recombination on the open-circuit voltage of the solar 
cell. An accurate 3D structure like the one obtained with our method is a prerequisite for a detailed 
understanding of mechanical properties and for advanced optical and electronic simulations of 
polycrystalline thin films.

For understanding the properties and growth mechanisms of polycrystalline thin films, an analysis of the micro-
structure is essential. Quantities such as grain size, size distribution, grain boundaries, and grain orientations are 
critical parameters to characterize thin films and are closely related to electromagnetic properties1–5. However, 
most studies have relied on traditional 2D methods such as scanning electron microscopy (SEM)6, X-ray dif-
fraction (XRD), transmission electron microscopy (TEM)7 and electron backscatter diffraction (EBSD)4. These 
methods provide only sectional information. In order to obtain comprehensive information on the volume and 
surface of grain it is essential to use three-dimensional (3D) analysis techniques. Therefore, SEM techniques8 
including EBSD2,9 have been applied for the analysis of 3D structures in addition to optical microscopes7. The 
serial sectioning with SEM is typically obtained through techniques such as mechanical milling10, broad ion 
beam milling (BIB)11, focused ion beam milling (FIB)9,12 plasma-FIB milling13{FormattingCitation}{Format-
tinCitation}, and femtosecond laser ablation14, all of which are destructive techniques.

X-ray methods such as 3D X-ray diffraction (3DXRD)15 and diffraction computed tomography (DCT)16 are 
non-destructive techniques and allow for the measurement of 3D structures. However, the resolution of 3D X-ray 
CT methods are in microns and much poorer compared to electron microscope serial sectioning 3D EBSD that 
are in tens of nanometers15–19. Despite the development of various imaging methods, 3D structure analysis is not 
widely used because of the complexity of 3D data acquisition and processing9. A common processing method 
of representing 3D structure data is the voxel method, which involves representing all data points in a single 
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cube14,20. However, this approach can result in an uneven surface structure and is only suitable for cases where 
the grain size is significantly larger than the resolution11,21.

Due to the lack of accurate 3D models research on high-efficiency solar cell films, where the size of the crystal 
grain is a limiting factor, so far has mainly relied on two-dimensional methods4. Only a very small number of 3D 
solar cell structures have been reported22. Moreover, no 3D simulations of optoelectronic device properties based 
on experimental structure models are available to date4. This is particularly true for an accurate 3D structure of 
a Cu(In,Ga)Se2 (CIGSe) thin film in a working solar cell.

In this study, we present an efficient method for reconstructing a polycrystalline CIGSe absorber thin film 
of a high-efficiency solar cell. We obtained serial sections of the CIGSe absorber layer through FIB milling and 
performed EBSD measurements on each section to acquire 2D grain orientation maps. The 3D microstructure 
was then reconstructed through data processing using a self-written computer program. To this end, an alterna-
tive method to the voxel method was developed to achieve more accurate grain surfaces, i.e., more accurate grain 
boundaries. Furthermore, we investigate the accuracy and efficiency of the proposed 3D reconstruction method 
and analyze the reconstructed 3D data in conjunction with glow discharge optical emission spectroscopy results 
in order to study the grain structure and growth mechanism of CIGSe23,24. Using the analyzed information, we 
applied the constructed CIGSe model to 3D solar cell simulations.

Experimental and process flow
Sample preparation
In this work, a CIGSe solar cell with a high power conversion efficiency of 19.5% was used. The sample was 
fabricated at ZSW by co-evaporation of CIGSe on molybdenum-covered glass substrates with an average [Ga]/
([Ga] + [In]) ratio (GGI) of 0.35. The polycrystalline CIGSe absorber with tetragonal structure and a thickness 
of 2.8 µm was deposited with a standard three-stage process in a static deposition chamber. During the CIGSe 
growth process at elevated temperatures, Na and partially K were provided from the glass substrate to the 
absorber. At the end, the absorber underwent an in-situ CsF post-deposition treatment under Se atmosphere 
without breaking the vacuum. A solution-grown CdS buffer layer was deposited on top, followed by rf-sputtered 
Zn0.85Mg0.15O and rf-sputtered ZnO:Al as the transparent front contact. The cell, with a total area of 0.5 cm2, has 
Ni/Al/Ni grid fingers on top and was fabricated without an anti-reflective coating (ARC), thereby lacking an 
absolute current gain of 1–1.5%. With an ARC, a cell efficiency of above 20% would be expected.

Thin‑film characterization as input for 3D model
The 3D EBSD measurement was performed using the latest Helios™ 5 Laser PFIB from Thermo Scientific. The 
slice and view software was used to automatically gather the data by a serial sectioning method with a top 
down geometry to minimize charging from the glass substrate during milling and EBSD. A fiducial mark was 
milled to the edge of the sample to help the alignment of the region of interest during the automatic run. The 
Xe plasma focused ion beam (PFIB) was set to 30 kV accelerating voltage and 15 nA beam current and used to 
mill 80 slices with 50 nm slice thickness. The electron beam for the EBSD analysis was set to 20 kV accelerating 
voltage and 1.6 nA probe current. The EBSD analysis was done using the Symmetry EBSD camera, AZtec and 
AZtecCrystal software from Oxford Instruments plc. The EBSD mapping area was 200 × 200 pixels at 50 nm step 
size and the Kikuchi pattern resolution was set at speed 2 which has a pixel resolution of 156 × 128. The EBSD 
mapping was done at more than 600 Hz to ensure good indexing rate above 70%, which is as expected for such 
a microstructure with a fine grain size of approximately 1 μm equal circle diameter. The overall procedure of the 
experiment is depicted in Fig. 1.

The thickness and the chemical composition of the CIGSe absorber layer, including the GGI was determined 
by GDOES measurements using a GDA 750 HR instrument by Spectruma Analytik. The analysis was conducted 
by measuring the depth profiles of the chemical composition of the sample, and the WinGDOES software was 
used to convert the measured emission line intensity data into components and their concentrations.

Results and discussion
Modeling process
Alignment
During 3D data acquisition, translational errors can occur due to sample movement or charging, Fig. 2a shows 
the measurement results at a depth corresponding to 0.55 µm in the 11th slice, while Fig. 2b,c show the results 
at depths 1.65 and 2.0 µm in the 33rd and 40th slices, respectively. Reference points (black crosses) were set 
using specific particles observed in the surrounding area, outside the region to be cut. As shown in Fig. 2d, the 
field of the EBSD measurement area varies with the milling depth after matching the reference point of each 
EBSD measurement slice. The translational drift, which can be observed in Fig. 3a left, can be caused by sample 
charging or movement during data acquisition. It is clear that proper alignment is crucial for obtaining accurate 
3D data9,10. Thus, an initial preprocessing step based on the SEM images was used for alignment. The whole set 
of SEM images consisted of 79 images with a resolution of 630 × 474 pixels which refers to a physical resolution 
of approximately 52.939 × 39.830 µm, therefore 84 nm per pixel in x and y direction.

Pixel shift calibration was performed by using each pair of consecutive images and the parameters of a trans-
lational alignment were estimated. To this end, we implemented a registration operator in MiToBo25 based on 
the MPI-CBG stitching library developed by Stephan Preibisch and others26. Thus, pairwise image translations 
are estimated based on phase correlation in Fourier space of two given images. The resulting pixel shifts in x 
and y direction are given with subpixel accuracy. Once the translational shift between two images is known the 
translation parameters can be concatenated to register each image with regard to the first image of the sequence. 
As a final step, the pixel shifts from the calibration of the SEM images were converted to micrometers so that the 
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estimated model parameters could be applied to other measurement data to compensate for the translational 
drifts. However, the FIB milling process also introduces a height discrepancy between the reference point used 
for alignment and the location at which EBSD measurements are taken. This results in linear tilt errors, which 
were corrected by additional alignment using the center point of an arbitrary large grain21. The process of the 
complete alignment can be seen in Fig. 3a.

Two‑dimensional data process
Consider an EBSD image which gives orientation information for each pixel in a grain. In order to facilitate 
efficient computer memory use and data processing, it is sufficient to represent each grain by its contour pixels 
and discard the interior pixels. Therefore, the pixel data of the grains’ interiors were removed from each 2D 
cross-section, and the grains were constructed using only their surface pixels.

To generate the outline of a grain (‘out-line’ algorithm), we used expanded data that include coordinates cor-
responding to double the measurement resolution instead of using the raw measurement positions. The method 
is depicted in Fig. 3b where the open points depict the expanded data introduced to represent the grain bound-
ary, which simultaneously belongs to the contours of both grains. This allowed us to create shared boundaries 
of neighboring grains and prevent them from being separated due to an EBSD measurement gap. The detailed 
algorithm for generating the grain outline is described below.

here the original data point Pi expands into the set of coordinates Mi by doubling the resolution of the x-axis (gx) 
and y-axis (gy) respectively. Mj represents the set of coordinates generated from the point data Pj of the neigh-
boring grains. If Mi and Mj are compared and found to be in contact, meaning they share the same coordinates, 
a new point (P′) indicating the grain boundary is generated. This procedure is necessary to avoid empty space 
between grains. After replacing Pi as described above, we obtain a new set of position data now referred to as P’.

Since the ‘out-line’ algorithm produces grain boundaries as x, y coordinates based on the electron beam scan-
ning (see Fig. 3c left), the data must be sorted for the program to recognize the grain’s contour. To this end, we 
employed the 2-opt algorithm27 in order to rearrange the point data (see Fig. 3c middle). The 2-opt algorithm is a 
mathematical optimization technique developed to address the traveling salesman problem. It creates a new path 
by exchanging two points, ensuring that the path has no crossover and has a shorter distance than the existing 
path. As shown in Fig. 3c—the ‘2-opt’ grain is properly rearranged through the process. This process continues 
until the sum of all paths reaches a minimum according to Eq. (2).
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Figure 1.   A schematic flowchart illustrating the process of generating 3D structures using EBSD data. Cross-
sectional slices are created using FIB and repeatedly measured. The resulting diffraction pattern is converted 
into orientation and grain ID data for each coordinate. The data is then efficiently processed to generate the 3D 
structure and conduct structural analysis.
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here P′i is the i-th point, d(P′i, P′j) is the path length between P′i and P′j and N is the total number of data27.
The data were further condensed through the ‘Reduce-points’ process as shown in Fig. 3c right. Since the 

EBSD data are given on a quadratic pattern, the angle θ between two vectors formed by three consecutive points 
can be 0, 45, or 90 degrees. It can be calculated from

when θ = 0 within a certain tolerance, the points are connected by a straight line and P′i can be removed in order 
to reduce the size of the data while maintaining the shape of the grain.

Grain identification
The processed 2D grain data is grouped and identified as a single grain. Center position, grain size, Euler angle, 
and Euler spread are used to identify the same grain in subsequent EBSD slices. More weight is given to Euler 
angle and spread, which represent the orientation information, rather than size or position information. Small 
grains with a thickness of less than 100 nm that cannot be confirmed to be connected across two or more slices 
are excluded from the model. After identification, each grain is assigned a unique ID, and data of the same grain 
from different slices are grouped together by means of position, Euler angles, and spread.
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Figure 2.   EBSD inverse pole figure map (colored, in the center) and corresponding SEM images (gray, in the 
background) illustrate the microstructural analysis of the CIGSe absorber layer at varying depths. The series of 
images captures the evolution in grain orientation and size with increased depth. At 0.55 μm depth, (a) presents 
the combined EBSD and SEM data, similarly (b) at 1.65 μm, and (c) at 2.00 μm. In (d), the EBSD measurement 
locations, identified by reference points (black crosses) from the SEM images, display slight xy plane wobbles 
and y-axis shifts with depth, underscoring the importance of alignment.
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3D reconstruction
The 2D slices of each grain were then extended to 3D using the convex-hull algorithm28. There are several rea-
sons for using the convex-hull method, which is considered more complex than the voxel method commonly 
used when forming a 3D structure29,30. Firstly, it provides a more realistic surface area value. This is particularly 
evident when grains are small in volume compared to the resolution. Figure 4 illustrates the surface area of a 
real sphere according to the radius R, and the surface area S of the model created by the two methods, voxel and 
convex-hull. The convex hull method consistently yields values similar to the actual surface area, while the voxel 
method increasingly deviates with increasing sphere radius. Having an accurate surface area value is important 
when studying properties like compositional inhomogeneity or recombination mechanisms, which are affected 
by grain boundaries. Secondly, unlike the voxel method, which expresses all measured points in a cube form, 
the convex-hull method reduces the number of data by not using internal information, resulting in a reduction 
in the running time for modeling or simulation.

It is worth noting that the convex-hull algorithm simplifies the data by covering all points (Fig. 5a) within 
the interior of the grain, leaving only the outermost shell. In this process, detailed information of each grain is 
primarily lost, as shown in Fig. 5b. However, if the overlapping part is removed, considering the neighboring 
grains (Fig. 5c), the details of each grain that were lost through the convex-hull algorithm reappear, as shown in 
Fig. 5d. The structure becomes more accurate the greater the number of neighboring grains considered. Although 
minor structural information may be lost, the structure is reconstructed enough to be considered as the ‘actual 
grain structure’. Figure 5e shows an image of the finished 3D grain structure of the CIGSe film. Figure 5f,g pro-
vide a comparison of the EBSD raw data of a randomly chosen slice and the cross-section of the reconstructed 
3D model at the same position. It can be seen that, despite minor differences, the overall grain structure is well 
represented by the 3D reconstruction.

The number of data points reduced through each process step is summarized in Table 1. In 2D data pro-
cessing (‘Out-line’ and ‘Reduce-point’), the total amount of data was reduced to 23.5%. The final data that has 
been completed up to the 3D ‘convex-hull’ process is only 3.3% compared to the raw data, which is an excellent 
performance considering that more data is generally required when 2D data is expanded to 3D.

Geometric analysis
Surface area distribution analysis
We will now use the digital representation of the CIGSe grain structure to perform an analysis of the geometric 
properties of all grains in the analyzed 10 × 10 × 3 µm3 volume and their distributions. The distribution of the 
equivalent sphere radius R, that is, the radius of a sphere with identical volume is shown in Fig. 6a. It can be 

Figure 3.   Examples and results of each data processing method. (a) Shows the original data (left) and the grains 
after correcting X and Y axis translation errors through alignment (right), with the data appearing closer to 
actual grain shape. (b) Example of the ‘out-line’ method, original data (solid) and expanded data (open) and the 
newly formed grain boundary (dotted line). (c) Data aligned into grain shapes by the ‘2-opt’ process and data 
with significantly reduced points while maintaining the same shape through the ’reduce-point’ process (solid 
orange).



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:2036  | https://doi.org/10.1038/s41598-024-52436-2

www.nature.com/scientificreports/

seen that most of the grains are about 0.3 μm in size, while some grains reach more than 1 μm. However, the 
proportion of the volume taken up by large grains is larger than that of small grains. In Fig. 6b, the frequency 
distribution of the surface area S of the grains normalized by the average surface area <S> is displayed. It can be 
well fitted with a LogNormal distribution

Figure 4.   Comparison of the sphere’s surface area of a sphere S as calculated by the voxel (red line) and convex-
hull (blue line) methods against the actual surface area (black line) as a function of radius. Calculations were 
performed at a 50 nm resolution, akin to the EBSD measurement resolution. The inset quantifies the absolute 
difference in surface area between the actual sphere and the modeled spheres, indicating a closer match with the 
convex-hull method.

Figure 5.   (a–d) depict the steps to transform 3D data points of a single grain into a 3D model using the convex-
hull method (see text for details): (a) displays the raw data points, (b) the convex-hull generated shape, (c) the 
placement of adjacent grains for context, and (d) the refined shape after eliminating overlaps. (e) shows the 
reconstructed 3D volume of a 4 × 4 × 3 µm3 CIGSe sub-sample. A comparison between (f) the EBSD raw data 
from a random slice and (g) a corresponding cross-section of the reconstructed volume reveals a high similarity, 
with only minor details differing.
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where y0 is the offset, A is the area, ω is the log standard deviation and xc is the center. The fit parameters y0, A, 
ω, and x0 can be used to determine the structural similarity of sub-samples of the analyzed volume31,32. It can be 
seen that the fit parameters, hence the grain surface distribution, are very similar for the 10 × 10 × 3 µm3 sample 
and a 4 × 4 × 3 µm3 sub-sample. The same analysis has been performed for 8 × 8 × 3 µm3 and 2 × 2 × 3 µm3 sub-
samples (see supplementary Fig. S1). The fitting parameters for the 8 × 8 × 3 µm3 sub-sample are similar to the 
10 × 10 × 3 µm3 sample and a 4 × 4 × 3 µm3 sub-sample. Thus, a 4 × 4 × 3 µm3, sample volume is sufficient for an 
appropriate representation of the grain structure in our case. In case of the 2 × 2 × 3 µm3 sub-sample, the grain 
surface distribution significantly deviates. Hence for too small a sample volume, the number of incompletely 
contained grains cannot be neglected. We therefore conclude, that 4 × 4 × 3 μm3 is the minimum size for an 
appropriate representation of the grain structure in our case. The lateral sample dimensions are more than 10 
times the size of the majority of grains and about 4 times the size of the largest grains. We note that choosing a 
small sample size would reduce computational times for simulation tasks.

Relationship between surface area and grain size
Next, one can ask if there is a relation between the surface area of the grains and their respective grain volume. As 
shown in Fig. 7a, the surface area increases as the volume (V) of the grains increases, but the rate of this increase 
gradually diminishes with larger volume. The red line indicates that there might be a relation of the form S ∝ V2/3. 
By utilizing the relationship V ∝ R3, where R is again the equivalent sphere radius, we can reformulate this as 
S ∝ R2. At this point, we introduce the shape coefficient α as introduced in references33,34. That means, the surface 
area is expressed as S = αR2. The minimum value of α is 4π ≈ 12.6, which corresponds to a sphere with the least 
surface area of all possible geometrical shapes. As shown in Fig. 7b, the value for our sample is approximately 
constant at 28.3, except for a few larger grains. This suggests that the CIGSe grains possess a higher surface 
area to volume ratio compared to spheres. It further suggests that the majority of grains exhibit similar shapes 
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Table 1.   Number of data points, reduction rate and percentage of rate with raw data amount after each process 
step. ‘Raw data’ represents the data before processing, ‘Out-line’ extracts only the boundary information, 
‘Reduce-point’ removes unnecessary data on a straight line, and ‘Convex-hull’ simultaneously connects and 
simplifies all data in a three-dimensional space.

Method Number of points Reduction [%] Total rate [%]

Raw data 352,000 – 100

Out-line 160,465 54.4 45.6

Reduce-point 82,771 48.4 23.5

Convex-Hull 11,634 85.9 3.3

Figure 6.   Analysis of grain structure in the CIGSe layer based on 3D reconstruction. (a) Histogram of the 
equivalent sphere radii R for grains, indicating that a significant number of grains have a size of approximately 
0.3 μm. (b) Normalized surface area distribution S/<S> of grains for the 10 × 10 × 3 μm3 sample and the 4 × 4 × 3 
μm3 sub-sample (inset), with both distributions closely fitting a LogNormal distribution (red line). The similar 
fitting parameters for the 10 × 10 × 3 μm3 and 4 × 4 × 3 μm3 indicate that the 4 × 4 × 3 μm3 sub-sample is suitably 
representative of the grain structure.
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because they have an identical α. This constant value of α may be attributed to the CIGSe growth process. It is 
known that the films undergoes a recrystallization in the Cu-rich phase of the CIGSe growth process (here the 
second stage of the 3-stage process)35. The constant α value for each grain suggests that this is a homogeneous 
recrystallization process of the grains in 3 dimensions. Or, in other words, during the recrystallization process 
each grain grows in volume while keeping its general shape up to a certain limitation imposed by neighboring 
grains. This shape appears to be far from sphere type. In order to further elucidate the growth phenomena in 
CIGSe films our newly developed evaluation tool may be future interesting.

To continue, we assume the validity of <S>  = α <R2> for the average values of S and R2. Then the following 
expression for the normalized values R′ = R/ <R> and S′ = S/ <S> can be derived.

where σ 2
R =  <R2>  −  <R> 2 is the variance of R. According to Eq. (6), the normalized surface area and the normal-

ized grain size have a directly proportional relation, which does not depend on α. As shown in Fig. 7b inset, this 
is in good agreement with the experimental data.

Grain orientation spread
In order to study the strain within grains, the grain orientation spread (GOS) was analyzed36,37. In each slice, 
which was characterized by EBSD, the angular difference of the orientation ϑ in each measurement point with 
the mean orientation <ϑ> was averaged, yielding the GOS value <|ϑ −  <ϑ>|> . It was found that the majority of 
grains have a low GOS value, with an average value of around 1 degree or smaller, indicating that they have a 
stable and recrystallized structure. However, some grains g1 and G2, as seen in Fig. 8, have a higher GOS value at 
specific locations. Although the number of such grains is not large, around 1% of the total, the effect is significant 
because it occurs mainly in large grains. The GOS increase in G2 reaches up to 2 degrees, which is observed at 
the intersection points of g1. Interestingly, the GOS of the G2 grain can be seen in Fig. 8a,b, and has a peak value 
not at the overlap starting point with the g1 grain, but at the position with the largest diameter. While examining 
Fig. 8a, the stress may appear to be purely tensile, but a more accurate understanding can be obtained from the 
3D representation depicted in Fig. 8b. It reveals that the increase in GOS in the middle of the grains is caused by 
compressive stress generated by a grain overlap that occurred during the growth process (refer to supplementary 
Fig. S2 for an example involving another grain).

Relation between GGI and grain size
GDOES was utilized for compositional analysis along the film depth. This allows to relate the grain structure 
obtained from EBSD measurements and the chemical composition. Figure 9a shows the GGI as a function of 
depth as measured from the film surface. The GGI has a minimum at about 0.5 µm and increases towards the 
front surface and the back contact. Such GGI grading is a common result of the three-stage process of CIGSe 
deposition38,39. Additionally, Fig. 9a gives the average grain size as a function of depth. The depth profile of 
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Figure 7.   (a) The relationship between surface area S and grain volume V, and (b) surface area versus grain 
radius R for CIGSe grains. Open circles indicate experimental data, which align closely with the theoretical 
relationship (red line). The inset in (b) plots the normalized surface area (S′) against the normalized radius 
(R′), following Eq. (6) (green curve), demonstrating that the relationship between S′ and R′ is governed by the 
variance in R.
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average grain size (grain-cross section area) was calculated from the total EBSD measurement area in each slice 
divided by the number of grains in this slice. Comparing grain size and GGI, it is found that the grain size is 
large at positions of small GGI. A plot of GGI versus grain size (Fig. 9b) gives an approximate linear behavior 
(correlation coefficient − 0.92) with a slope of − 1.50 µm2.Thus, GGI and grain size exhibit an inverse correlation.

Previous studies have investigated various CIGSe films and have also found an inverse relationship between 
the average grain size and GGI40,41. Notably, Ref.40 indicates that there exists a direct proportionality between 
the GGI and the lattice parameter ratio, (c/a). By leveraging this established proportionality, a relationship 
of (c/a = 2.0125–0.047 × GGI) has been inferred to convert the measured GGI values into (c/a) ratios. These 

Figure 8.   (a) Depicts the variation in grain size (black line) and Grain Orientation Spread (GOS, red line) of 
grain G2 with depth. (b) Provides a 3D GOS color map showing the GOS for grain G2 and its neighboring 
grains. Elevated GOS values at the interface of grain G2 and grain g1 suggest areas potentially subjected to 
compressive stress; the color bar on the right indicates the GOS values.

Figure 9.   (a) Shows the relationship between the average grain size (black open circles) and depth, with the 
GGI (red line) correspondingly decreasing. As the depth increases, the GGI decreases, and the grain size 
increases. The average GGI amounts to 0.35. (b) Presents the average grain size as a function of both the lattice 
constant ratio (c/a) and GGI. The grain size reaches a peak at a c/a ratio of 2, as indicated by the vertical blue 
dashed line, beyond which there is an inverse correlation with increasing GGI, demonstrated by the linear trend 
line (slope = − 1.5).
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converted ratios are plotted on the upper x-axis of Fig. 9b. It can be observed that as GGI decreases, the grain 
size increases linearly until it approaches a value close to 2, where it reaches a peak.

The formation enthalpy of CuInSe2 is lower than that of CuGaSe2
42–44. Therefore, as GGI decreases, the CIGSe 

formation enthalpy becomes relatively smaller, allowing for the formation of larger grains as there is sufficient 
energy available for recrystallization45. Additionally, towards the GGI value at which c/a = 2, the tetragonal dis-
tortion becomes reduced, reducing also the lattice strain and thus, leading to larger grain sizes. As a result, the 
grain size exhibits a peak value around c/a = 2. These findings highlight an intriguing fact that within a single 
sample, the grain size is influenced by variations in GGI, rather than differences observed between samples with 
varying GGIs. Understanding the relationship between grain size and GGI in CIGSe films is crucial for advancing 
the development of more efficient and stable solar cells. Further research, involving measurements of the lattice 
parameter directly instead of relying solely on calculations based on GGI, is necessary to obtain a comprehensive 
understanding of the underlying mechanisms.

3D Simulation
As a proof of concept, we used the three-dimensional structure model of the CIGSe sample for first optoelectronic 
device simulations. This was combined with a one-dimensional bandgap profile by employing the GGI depth 
profile in Fig. 9a and using the formula Eg CIGSe = Eg CIS × (1 − x) + Eg CGS × x − bx(1 − x). Here x stands for the GGI, 
Eg CIS is the bandgap of CuInSe2, Eg CGS is the bandgap of CuGaSe2, and b is the bowing parameter, which is 0.2 
for CIGSe46. The color-coded bandgap profile can be seen in Fig. 10a.

Three models with dimensions of the same device with sizes 2 × 2 × 3 µm3, 4 × 4 × 3 µm3, and 8 × 8 × 3 µm3 
were used for the simulations where all models shared the same central point. Photovoltaic simulations were 
conducted using Sentaurus TCAD, calculating the open-circuit voltage (VOC) under 1 sun 1.5G illumination. 
In each model, the grain boundary recombination velocity (SGB) was varied. All other physical parameters are 
fixed as detailed in supplementary Table S1.

As seen in Fig. 10b, the VOC decreases with increasing SGB. This is expected as a higher number of carriers 
recombine at grain boundaries, leading to a decrease in VOC. At small SGB values, the results from each model 
are similar. However, for SGB values at or above 1000 cms−1, the VOC of the 2 × 2 × 3 µm3 model shows a more 

Figure 10.   (a) 3D simulation model of 8 × 8 × 3 µm3 using the GGI depth profiling data to calculate the applied 
band gap; the color bar on the right represents the band gap values. (b) VOC plot as a function of the grain 
boundary recombination SGB for different model sizes: 2 × 2 × 3 µm3 model (black squares), 4 × 4 × 3 µm3 model 
(red circles), and 8 × 8 × 3 µm3 model (blue triangles). The VOC results for the 8 × 8 × 3 µm3 and 4 × 4 × 3 µm3 
models display similar trends, suggesting that they are comparable in representing the sample behavior. In 
contrast, the 2 ×  2 ×  3 µm3 model diverges in values, indicating that this smaller model size may not be sufficient 
for accurate simulation outcomes.
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pronounced decrease in VOC compared to those from the 4 × 4 × 3 µm3 and 8 × 8 × 3 µm3 models. The effect of 
grain boundary recombination is based on the grain distribution. Obviously, averaging is sufficiently similar for 
the 4 × 4 × 3 µm3 and 8 × 8 × 3 µm3 models. However, for the 2 × 2 × 3 µm3 model, averaging around the central 
point is not sufficiently representative. Averaging then will become position dependent. The effect of grain 
boundary recombination is influenced by grain distribution. In 1D models or under simpler conditions, the 
recombination effect scales with grain boundary density. However, in complex 2D model or 3D model, not just 
the grain boundary density but also the position and shape of the grain boundaries became significant factors. 
Particular, areas with similar electron and hole densities have stronger recombination at the grain boundaries47. 
Interestingly, the selected 2 × 2 × 3 µm3 model, although having a lower grain boundary density compared to the 
other sizes, exhibits a more pronounced effect from the grain boundaries. This is due to the grain boundaries in 
the 2 × 2 × 3 µm3 model being located in areas with high recombination activity, causing the effects to be locally 
significant rather than averaged out like in the other models. Therefore, for more accurate simulations, it is 
essential to choose a model size that effectively represents the distribution of the grain boundaries.

Such results can vary depending on the chosen location, indicating that the 2 × 2 × 3 µm3 range might not be 
suitable for a comprehensive simulation of the entire structure, which aligns with the findings from the previ-
ous structural analysis section. Considering the simulation runtimes of 8984 s, 28,576 s, and 100,799 s for each 
model respectively, it’s inferred that the 4 × 4 × 3 µm3 model is the most appropriate one for 3D simulation of 
this CIGSe sample.

Conclusion
In this study, we introduced a novel approach to reconstructing the 3D structure of high-efficiency CIGSe samples 
using EBSD data. By employing the 2-opt algorithm and the convex-hull algorithm, we successfully reduced the 
data volume while maintaining the accuracy of the grain structure reconstruction. The resulting 3D model dem-
onstrated improved surface area accuracy compared to traditional voxel-based models. Our findings highlight 
the potential of this approach in enhancing our understanding of complex material structures.

By the analysis of the reconstructed 3D structure, we gained valuable insights into the CIGSe samples. By 
effectively representing the grain distribution, a model size of 4 × 4 × 4 µm3 was identified as a suitable compro-
mise between sample representation and data economy. Utilizing GOS, we examined the strain within individual 
grains in a three-dimensional context, providing further understanding of the material properties. A significant 
inverse relationship between grain size and GGI, suggesting a close correlation with the crystallographic c/a 
ratio, was revealed. Grain surface to volume ratio could largely be described by a constant factor which may be 
an indication of grain recrystallization during CIGSe growth. Additionally, leveraging the analyzed structural 
characteristics, we successfully crafted an electronic 3D simulation. Through this, we discerned the importance 
of appropriate range selection in creating an efficient simulation that aptly represents the entirety of the sample.

The present research highlights the significance of 3D analysis in advancing our understanding of CIGSe 
and polycrystalline materials. The proposed methodology shows great potential for conducting comprehensive 
and detailed analyses of various polycrystalline materials, enabling a deeper understanding of their 3D struc-
ture and its impact on material properties. Moreover, the insights gained from this study can contribute to the 
broader fields of photovoltaics and materials science, thereby facilitating the development of more efficient and 
sustainable technologies.

Data availability
The data and code used in this study are available upon request from the corresponding author.
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