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ABSTRACT 

Cu(In,Ga)Se2 solar cells demonstrate better efficiencies than poly-crystalline Si and all 

other thin films technologies. Yet most of the gains in efficiency have been empirical and further 

fundamental understanding is necessary for continued improvement. This thesis will use 

advanced characterization techniques to show the unique self-compensating behavior along with 

alkali impurity incorporation as key reasons for the technology’s advancement. Atom probe 

tomography and scanning transmission electron microscopy are utilized to relate nanoscale 

chemistry to band structure. 

High point-defect densities (VCu, InCu, NaCu, KCu) (~1021 cm-3) are shown to lead to 

variable stoichiometry. Comparable defect densities in traditional semiconductors such as Si and 

GaAs would be deleterious. However, for Cu(In,Ga)Se2 this is not the case. Point-defects at grain 

boundaries and the p-n junction are related to pronounced downward shifts in the valence band 

maximum (~100 meV) and conduction band minimum (~30 meV) as well as n-type doping; 

which is ultimately predicted to be instrumental in the reduction of recombination and largely 

responsible for increased electrical performance.  
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Motivation 

A considerable surge in research has been directed to introduce renewable energy 

technologies to today’s energy marketplace. Natural power sources such as wind, biomass, 

hydro, and solar constitute the most mature and viable renewable energy candidates.[1] 

Photovoltaics global production has increased more than 30 fold over the last decade.[1] Figure 1 

shows increases in PV production by technology from 2000 to 2015. The solar industry is 

currently made up of many different technologies which can be divided into two groups: Si-

based wafers (poly-crystalline, mono-crystalline) and thin films which currently occupy ~93% 

and ~7% of the market share, respectively. Chalcopyrite and zinc-blend thin films (CdTe, CZTS, 

CIGS) along with perovskites technologies have, over the past 4 years, experienced large gains 

in record efficiency.[2] Perovskite solar cells, though having increased the most in efficiency, 

have not yet entered the marketplace due to their reliability issues.[3] Both CdTe and CIGS 

recent laboratory record efficiency cells have overcome those of poly-Si (43.9% of global annual 

production), which may be indicative of a larger market share in the future (see Figure 2). 

Nevertheless, the efficiency gains are largely empirically based. For example, laboratory-scale 

CIGS thin films experienced an upsurge in record efficiency during the 1990s (see Figure 1). 

Sodium incorporation, which naturally and unintentionally diffused from the soda-lime glass 

substrate, was in large part the reason for the increases.[4] Similarly, over the last four years K 

has been introduced to CIGS, this time intentionally, which catalyzed another era of record cell 

efficiency growth (See Figure 3).[5], [6] However, fundamental understanding still lags behind 

the technology’s experimental achievements. Developments of fundamental understanding may 
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lead to further improvements such as uniformity and efficiency, and ultimately lead to an 

increase in market share.  

 

Figure 1.1  Annual PV Production by Technology Worldwide. Even though thin film record 
efficiencies are higher than those of Multi-Si they are far behind in annual PV production.[1] 

 

Figure 1.2  Laboratory record cell efficiency chart of Si, CdTe and CIGS technologies. CIGS and 
CdTe have overtaken Si-Polycrystalline (mc-Si) technology in efficiency.[7] 

 

Despite defect densities between 1019-1021 cm-3, CIGS efficiency is greater than mc-Si 

whose defect densities are ~1016.[8], [9] A possible explanation is CIGS naturally possesses self-

compensation qualities. Interestingly, monocrystalline CIGS record efficiencies are less than 

those of poly-crystalline CIGS.[10] This goes against intuition, which assumes a single crystal 

contains fewer defects than its polycrystalline counterpart and therefore has larger charge carrier 

lifetimes due to less recombination, which lead to a higher cell efficiency. Perhaps, the reason 
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poly-CIGS works so well is that their grain boundaries are either benign or beneficial. Or the 

defects segregate to grain boundaries, and therefore intra-grain crystallinity is more pure than 

mono-crystalline material. In which case, if the grain boundaries are passivated, the overall 

performance may be improved.  

This thesis is designed to elucidate the above-mentioned peculiarities associated with 

CIGS and help solve three basic questions: What are the roles of point defects and alkalis at 

grain interiors, grain boundaries, and grain surfaces? Why are there inconsistencies of electrical 

performance at grain boundaries? What type of chemical and electrical variability is there at the 

nanoscale? Possible solutions to the questions will stem from microstructural analysis of defect 

chemistry by means of electron microscopy and atom probe tomography with the intent of 

ultimately improving device efficiency and uniformity. 

1.2 Literature review and background 

A large portion of this thesis will be centered on relating stoichiometric and defect 

chemistry to electrical properties. The aim of this chapter is to provide a brief background of 

defect chemistry and band structure, which will assist the reader for four out of five manuscripts 

presented (Chapters 2-5). The remaining manuscript focuses on describing a correlative 

microscopy technique for which no further background is needed.  

CIGS exhibits remarkable self-compensation at surfaces (grain boundaries and at the p-n 

junction) which will be discussed in detail.[11]–[13] High concentrations of defects in 

semiconductors usually leads to deleterious consequences, but this is not necessarily the case for 

CIGS. Nanoscale characterization relating the high-density of defects to electrical properties will 

be a central theme of this thesis.  
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1.2.1 Ga-content and band structure 

 

 

Figure 1.3  Unit cell of Chalcopyrite (CIS) (a) and ordered defect compound CuIn5Se5 (b).[14] 

 

Figure 1.4  Band gap vesus Ga/Ga+In. The shift in CBM is largely responsible for the shift in 
band gap.[13] 

With the addition of Ga, CIGS evolved from the ternary compound CuInSe2 (CIS). Ga and In 

share the same lattice site allowing for a “tunable” band gap from 1.04-1.68 eV when x is varied 

from 0 to 1 in the alloy Cu(In1-xGax)Se2. Today’s champion cells have a Ga/In+Ga value at 0.30, 

where x=0.3.[15], [16] Figure 5 shows a band gap diagram versus Ga-content. As shown, the 

change in band gap is largely due to the shift in conduction band maximum (CBM).[9], [13]  
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1.2.2 Defects and band structure 

Unlike many other photovoltaic cells, the majority carriers of CIGS (holes) are not 

generated by doping but rather from the naturally occurring defect, VCu. As a result, CIGS is 

intentionally grown Cu-poor. Zhang et. al. were the first to theorize the compensating double 

donor defect, InCu, which creates a low energy (possibly even negative) charge-neutralizing 

ordered defect pair (ODP): 2Vcu+InCu. High densities of ODPs result in ordered defect 

compounds with stoichiometries such as: Cu2In5Se7, Cu3In5Se9, CuIn3Se5, CuIn5Se8. [14], [17] 

The unit cell for CuIn5Se8 is shown Figure 4 (right). Figure 5 shows point defect formation 

energies (top) and their associated mid-gap states. Energy of formation for point defects is 

illustrated for various conditions: (a) Cu-rich and In-rich, (b) Cu-poor and In-rich, and (c) Cu-

rich and In-poor conditions. Cu-poor and In-rich condition will be shown to be the most 

applicable for the subsequent chapters. The lowest defect energy of formation for this condition 

is VCu (acceptor) and InCu (double donor) as previously discussed, which will be an important 

consideration for many discussions in Chapters 2-6. Other defects such as VIn, CuIn,  and Cui all 

possess high energies of formation and are expected to only occur in low densities regardless of 

Fermi energy when the material is Cu-poor and In-rich.  

Figure 6, which the reader may also find beneficial for discussions in Chapter 2, shows 

ordered defect compound (ODC) phases are predicted to lie on a tie-line (shown in Figure 6) as a 

function of ODP densities. Chapter 2 will show the Cu-poor chemistry of a small volume is a 

result of many ODPs where “smooth” transitions exists from the CIGS to ODC phases with no 

discrete intervals. 
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Figure 1.5  Top: Defect formation energy based on Fermi energy for Cu-rich and In-rich (a), Cu-
poor In-rich (b) and Cu-rich In-poor conditions (c). The subsequent chapters will show 
compositions indicative of condition (b) where InCu and VCu point defects have low energies of 
formation and result in an ordered defect pair. Bottom: Mid-gap energy levels of point 
defects.[14] 
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Figure 1.6  Cu-In-Se ternary phase diagram with ordered defect compound tie-line. 
Stoichiometry is a result of ordered defect pair densities.[18] 

 

 

Figure 1.7  Energy band and density of states for (a) CuInSe2 and (b) CuIn5Se8. Cu-d and Se-p 
repulsion make up the density of states at the VBM. Cu-content will be related to a shift in the 
VBM for subsequent chapters (Images taken from Ref [14]. 

Chapters 3 and 4 will relate band structure to a variety of Cu-poor (many ODPs) and 

Ga/(Ga+In) (GGI) stoichiometries at the p-n junction and grain boundaries respectively. The 

band energy and density of states are shown in Figure 7, which is central to many discussions in 

Chapters 2-5 where the Cu,d + Se,p repulsion forms the hybridized states that make up the 

valence band minimum.  
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An example of band structure at a CIS-ODC interface is shown in Figure 8 and taken 

from ref [19]. As can be seen, the shift in VBM is responsible for the shift in band gap where a 

reduction in Cu-content is assumed to reduce the Cu,d + Se,p repulsion and therefore the VBM. 

A linear correlation of Cu-content to the shift in VBM is made in Chapters 3 and 5 based on 

consolidating from literature the measured band gaps of CIGS materials with different Cu 

contents. Figures 6, 7, and 8 are what provoked the idea and need for this model in the first 

place. 

 

Figure 1.8  Band diagram of the CuInSe2-ODC interface. Many ordered defect pairs result in a 
CuIn3Se5 stoichiometry. Cu-poor content is responsible for an increase in band gap due to a drop 
in the VBM.[19] 

1.2.3 Alkali point defects 

As discussed previously, alkali incorporation is responsible for many of the efficiency 

improvements in CIGS devices. Throughout this thesis, Na and K is assumed to reside on the 

Cu-sites for both CIGS and OVCs. This will also be central to discussions in all chapters. Many 

chemical profiles will show Cu-poor and alkali rich correlations. Figure 9 theoretically predicts 

both NaCu and KCu have low formation energies, which are even negative when the Fermi energy 

is near the VBM. Figure 9 (bottom) shows that the alkalis also have a low energy of formation 
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when they occupy a VCu belonging to a charge neutral ODP. Alkali occupation in that case 

would lead to a net n-type dopant, which will be discussed in Chapter 5.  

 

Figure 1.9  Formation energies of Various Na and K defect in CuInSe2 (top) and CuIn5Se8 
(bottom) as a function of electron chemical potential where µe=0 corresponds to p-type carriers 
and µe=CBM to  n-type.[20] 
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CHAPTER 2  3-D POINT DEFECT DENSITY DISTRIBUTIONS IN THIN FILM 

CU(IN,GA)SE2 MEASURED BY ATOM PROBE TOMOGRAPHY   

Paper published in Acta Materialia 

Adam Stokes1, Mowafak Al-Jassim2, David R. Diercks3, Brian Egaas4, Brian Gorman2 

2.1 Abstract 

This paper will discuss the findings of an ordered vacancy compound (OVC) phase that 

exists deep into the bulk of a high-efficiency Cu(In,Ga)Se2 (CIGS) absorber that is shown to be a 

result of many ordered defect pairs of 2VCu + (In,Ga)Cu as determined by atom probe tomography 

(APT). To date, literature has shown that absorbers grown with the three-step process exhibit the 

OVC Cu(In,Ga)3Se5 (135 phase) only within the first few nanometers from the CdS/CIGSe 

interface and at grain boundaries. In this contribution, we have found a small volume (100 nm × 

100 nm × 300 nm) of an OVC phase to exist about 400 nm into the absorber. We show through 

concentration and density profiles that the concentration change from the stoichiometric 

Cu(In,Ga)Se2 to the OVC is indeed a result of many ordered defect pairs.  We use this volume to 

perform point defect density distributions to give unique insight to the band structure at the 

nanoscale. 

2.2 Introduction 

Polycrystalline Cu(In,Ga)Se2 (CIGS) thin-film solar cells have achieved a record 

efficiency of 21.7%, making them the most efficient thin-film photovoltaic device [1]. Despite the  

______________________________________________________________________________
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2Project advisor                                                                                                                          
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excellent efficiencies demonstrated by the technology, the overall picture of the composition at 

surfaces, grain boundaries, and even within grains still remains ambiguous. During the mid-

1990s, a considerable effort was made to structurally and electrically characterize a group of 

secondary phases, the so-called ordered vacancy compounds (OVC) [2–10]. Found to solely exist 

at the surface of the Cu(In,Ga)Se2 (112-phase) absorber and predicted to exist at the grain 

boundaries, the OVCs were explored to determine whether or not their inclusion was 

advantageous to device performance. Several studies have shown that OVCs—most notably, 

CuIn3Se5, CuIn5Se8, Cu(In,Ga)5Se8, and Cu(In,Ga)3Se5—exist within the first five nanometers 

from the surface of the absorber [4,11,12]. The compositional change was attributed to a low energy 

of formation of Cu vacancies and In-on-Cu antisites (InCu) 
[2,5,13]. The formation energy was 

theorized to be lower, possibly even negative, when rows of these defects were stacked on top of 

each other.  

The valence-band maximum (VBM) of CIGS solar cells consists of the anti-bonding 

hybridized states of Cu-d and Se-p orbitals, called p-d repulsion [2,5]. Intuitively, a copper-poor 

phase (i.e. Cu(In,Ga)3Se5) would reduce the repulsion between these and thereby reduce the 

VBM. On the other hand, the conduction-band minimum is only weakly influenced, resulting in 

an overall increase in bandgap to around 1.3 eV [14]. The reduction in the VBM may act as a 

hole-barrier and thereby reduce recombination at Cu-poor interfaces even when an abundant 

amount of defects are present. Furthermore, a thin layer of CuIn3Se5 on the surface of the 112 

phase has been predicted to improve device performance by making an improved heterojunction 

of the n-CuIn3Se5 and p-CuInSe2 
[6,10].  This is presumed to also be true for the CIGS 112 phase 

and Cu(In,Ga)3Se5 (135 phase) of the Cu(In,Ga)Se2 absorber as long as the bandgap remains 

similar to that of CuInSe2, which is indeed the case for high-efficiency devices.  
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Various studies on CIGS using secondary-ion mass spectrometry (SIMS), Auger electron 

spectroscopy (AES), and X-ray photoelectron spectroscopy (XPS) have been used to identify the 

chemistry of CIGS devices but have not found an OVC deep into the bulk [11,12,14–17]. However, 

atom probe tomography (APT) may offer more insight on a nanometer scale than the above-

mentioned characterization techniques. This is due to both the high spatial resolution (sub-

nanometer level) and chemical sensitivity (10s of ppm) [18]. The volume analyzed using APT is 

roughly 100 nm × 100 nm × 500 nm for the case of a typical CIGS specimen, which, when 

compared to other techniques listed above, is much smaller, and more able to capture nano-

domains. In this work, APT is used to quantify OVCs in high efficiency CIGS grown by the 

three step process. 

2.3 Experimental 

The CIGS absorber layers were grown on a Mo-coated soda-lime glass using a modified 

three-stage process[19,20]. The samples were prepared for APT and transmission electron 

microscopy (TEM) analysis using an FEI Helios 600i DualBeam focused ion beam / scanning 

electron microscope (FIB/SEM) similar to the technique described in Ref [21]. A final 2 kV 

cleaning step was used to reduce the damage to approximately the outer 2 nm of the sample. This 

is verified by isolating the Ga regions that have monoisotopic 69Ga used in the FIB source from 

the regions with the naturally occurring 69Ga and 71Ga isotopic ratios within APT 

reconstructions. The end radii of the specimens analyzed ranged from 50–100 nm. APT data 

were collected using a LEAP 4000X Si instrument manufactured by Cameca Instruments, Inc. 

using laser energy of 5 pJ, a base temperature of 40K, a detection rate of 0.5%, and a laser pulse 

rate of 250kHz. Laser energy and base temperature were optimized to get equal evaporation rates 

of the constituent elements for an accurate chemistry profile of the device that well represents the 
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stoichiometry of CIGS (please see supplemental section for details). A Philips CM200 TEM was 

used to capture the sample specimens’ dimensions before and after APT using the hardware 

described in Ref [22] which allowed for more accurate 3D reconstructions. 

Three sample specimens from adjacent regions of a 19%-efficient CIGS solar cell as 

measured by the National Renewable Energy Laboratory were analyzed. Each atom probe 

specimen was milled perpendicular to the surface of the absorber. A schematic of the geometry 

and location of Specimen 1 is shown in Figure 1a and b. The beginning of each specimen starts 

roughly 50 nm ± 50 nm below the CdS/CIGS interface identified by TEM images.  

An overlay of the TEM images before and after APT analysis Figure 1c was taken of one 

of the samples to assist in the reconstruction parameters. The dark regions are of the image taken 

after APT, whereas the lighter gray section is the image taken before APT. This allowed for 

quantification of the sample volume analyzed from the field evaporation process of APT by 

adjusting the image compression factor, efficiency, and ion volume, which greatly assist in the 

accuracy of the reconstruction. A mass spectrum acquired from Specimen 1 is also shown in 

Figure 1d. 

2.4 Results and Discussion 

Concentration profiles along the central axis were taken for three specimens (see Figure 

2). Each data point gives the concentration statistics taken from a 1-nm-thick x 20 nm x 20 nm 

Slice perpendicular to the central axis. The x-axis shows the distance that each slice is from the 

top of the specimen. The 0-nm point corresponds to the slice farthest away from the Mo layer. In 

each case, the beginning of the specimen is estimated from TEM images to be 50 ± 50 nm away 

from the CIGS/CdS interface.  
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Figure 2.1  Location, dimensions and mass spectrum of the APT samples. a) One specimen’s 
dimensions in nm are shown in the APT reconstruction. B) Representative SEM image of the 
CIGS device structure. C) Bright field TEM images from before and after APT field evaporation 
are overlaid to quantify the sample volume analyzed. The dark section is after APT and the light 
section is before APT. In this case, the depth consisted of a 440- nm-long central axis. d) Mass 
spectrum acquired from Specimen 1. 

A clear, significant change in stoichiometry is shown for Specimen 1 in Figure 2. For a 

~80-nm section, the composition of the constituent elements are as follows: 14.3 ± 0.3% Cu, 

13.9 ± 0.3% Ga, 18.1 ± 0.5% In, and 52.7 ± 0.7% Se. These concentrations closely resemble the 

Cu2(In,Ga)4Se7 OVC (15.4% Cu, 30.8% In+Ga, 53.8% Se). The concentration profiles at the 

bottom of the specimen, or furthest from the CdS/CIGS interface, resemble that of the traditional 

112 phase (24.1 ± 0.3% Cu, 10.2 ± 0.3% Ga, , 16.2 ± 0.2% In, 48.5± 0.7% Se). The change in 

composition from the beginning of the specimen to the 112-phase is gradual, taking roughly 300 

Figure 1| Location, dimensions and mass spectrum 

of the APT samples. a One specimen’s dimensions in 
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nm for the transition. Considering that both phases have the chalcopyrite structure and the lattice 

constants are quite similar, one might expect this sort of gradual and diffuse phase transition. 

Curiously, the increase in Cu concentration from 80–225 nm coincides with a decrease in Ga 

concentration, which might indicate a movement of Cu into Ga sites (CuGa). The other two 

specimens, FIB extracted from regions within several microns of Specimen 1, have standard 

112-phase concentration profiles.  This suggests that the concentrations measured in Specimen 1 

are not an artifact of the analysis technique as the same parameters were used on Specimens 2 

and 3.  Additionally, this provides an indication of the size and localized nature of this other 

phase. 

 

Figure 2.2 Composition profiles of three specimens where one exhibits off stoichiometry. 
Composition profiles were along the central axis of three specimens from the same high- 
efficiency CIGS sample. Specimen 1 (a) shows a concentration profile of a Cu-poor and Ga-rich 
phase, then transitions to the 112 phase from 80 to 440 nm. Specimens 2 (b) and 3 (c) have 
concentration profiles that are of the 112 phase. Error bars in all cases are less than ±0.24 at.%, 
which are omitted for clarity. Errors of ±0.24 at.% Se, ±0.14 at.% Cu, ±0.17 at.% In, and ±0.14 
at.% Ga were calculated as a convolution of standard deviation and statistical error (very small 
<0.01%) using a control sample.  

A reasonable way to characterize the OVCs is not just by stoichiometry, but also by the 

number of ordered defect pairs thereby giving a more relatable quantity to properties of the 

phase, such as the band diagram.  OVCs are predicted to be a result of stacking pairs of an 

ordered defect pair (ODP), namely, two Cu vacancies (VCu) and an In or Ga on a Cu site, 

(In,Ga)Cu. 

Figure 2| Composition profiles of three specimens where one exhibits off stoichiometry.  Composition profiles were along the central axis of 

a

–
± ± ± ± ±
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 2V!" + (In,Ga)!" Equation 2.1 

Therefore, for every pair there are three fewer Cu atoms in the lattice when compared to 

the stoichiometric 112 phase. Also, for every pair there is one more In or Ga atom in the lattice.  

Eq. 2 shows the relationship of Cu concentration (XCu) and number of ODPs per a given volume. 

 
!"!!!"

!
 = ODP Equation 2.2 

From this observation, one can correlate the number of Cu vacancies in an OVC phase 

with the deviation in composition from stoichiometric CIGS, where Cu makes up 25 at%. Eq. 2 

shows the relationship of measured Cu concentration (XCu) to the expected number of ODPs for a 

given volume. 

 

Figure 2.3  Cu Concentration and Ordered Defect Pairs as a function of distance for specimen 1. 
The number of ordered defect pairs is predicted as a function of Cu concentration. The 
concentration profiles suggest the specimen begins near the Cu2(In,Ga)4Se7 stoichiometry and 
ends at the traditional Cu(In,Ga)Se2 stoichiometry. Error bars for Cu concentration profile are 
±0.14 at.% and were omitted for clarity.  

Using the above relations, the number of ODPs and Cu composition as a function of 

distance for Specimen 1 is shown in Figure 3. Based on this, the specimen begins with 

approximately the Cu2(In,Ga)4Se7 phase and ends with the 112-phase. Interestingly, the change 

Figure 3| Cu Concentration and Ordered Defect Pairs 

±
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in composition is more dramatic below where the analysis reaches the Cu3(In,Ga)5Se9 

stoichiometry. From that point, the change to the 112-phase occurs over a relatively short 

distance. 

From equation (2) the expected In + Ga concentration can also be determined in a phase 

with ODPs for a known Cu concentration by the following formula: 

 X
!"!!"

!"#$%&'#$=25 + (In,Ga)!" Equation 2.3 

Likewise, the Se concentration results from filling the other sites with Se, or: 

 X!"
!"#$%&'#$

= 100− (X!" + X!"!!"
!"#$%&'#$) Equation 2.4 

 

Figure 2.4  Experimental concentration profiles of Se and In+Ga as a function of distance 
compared to predicted profiles on the basis of ordered defect pairs using the experimental Cu 
concentration profile. Error bars for Se and Ga+In concentration profiles (actual) are ±0.25 at.% 
and ±0.22 at.% respectively which were omitted for clarity.  

Figure 4 shows the predicted Se and In+Ga concentration profiles for an OVC using 

equation (5) and (6) versus their experimentally measured values. There is quite good agreement 

between the predicted values and the measurement, suggesting that the observed phases are 

Figure 4| Experimental concentration profiles of Se 

and In+Ga as a function of distance compared to 

± ±
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OVCs.  Additionally, since equation (2), (3), and (4) relate all of the atomic concentrations to 

each other and to the number of ODPs, then knowing the concentration of any of the species 

(XCu, XIn+Ga, or XSe) allows the determination of the remaining species and the number of ODPs, 

and thus also VCu. The difference between the predicted concentration profiles to the actual 

concentration profiles is minimal regardless of position and magnitude of off-stochiometric 

volumes.  

 

Figure 2.5  Density analysis schematic. (a) the atom probe reconstruction enclosing the region of 
interest (ROI) (blue box). (b) The ROI was then divided into 20 nm x 20 nm x 22 nm cubes (c) 
Each cube had approximately 400 K ions enclosed (d) which were used for number density 
calculations. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)  

Another method of determining the number of ODPs, uses a number density profile 

analysis. If indeed the change in concentration is due to ODPs, then the number density of atoms 

(number of atoms/volume) should also change due to a large number of Cu vacancies. Figure 5 

shows the schematic for the density analysis for all three specimens, where the region of interest 

(ROI) was divided into twenty 20 nm x 20 nm x 22 nm boxes to ensure good counting statistics 

(~400K ions per box). The same ROI used for the concentration profiles was used in the density 

analysis. For the off stoichiometric specimen, the relative number density from each box was 

related to the number density of the 112-phase, i.e. the cube furthest away from the CdS/CIGS 

Figure 5| Density analysis schematic. (a) the atom probe 

d) 
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interface which has, by definition, a change in density equal to zero;  ��!"#$%=0. For the other 

two specimens the last box, i.e. the box furthest away from the CdS/CIGS interface was used as 

the reference box as well. 

In order to make a density correlation to VCu, there is a need to first account for a change 

in lattice volume due to the ordered defect pairs and also account for possible atom probe 

reconstruction errors. The lattice volume is slightly reduced as compared to the 112 phase as a 

result of the VCu’s [23]. The lattice volume shrinkage will correspondingly affect the number 

density due to more unit cells per unit volume. Also, during the APT reconstructions there could 

be localized changes in density due to evaporation differences of the ions as well as the errors 

associated with the reconstruction methodology and parameters. Any such errors should occur 

throughout the analysis and, therefore, just contribute to the uncertainty of the values. According 

to Eq. 1, the Se atoms do not change lattice sites between the 112 and 135 phases. Furthermore, 

the three-stage-process includes a Se-rich deposition profile throughout all three stages so the 

phase(s) are assumed to be free from Se vacancies or substitutions on Se sites.  Additionally, the 

incorporation of Se in interstitial sites is assumed to be energetically unfavorable. Therefore, 

since the total number of atoms of Se in the unit cell do not change between the 112 phase and 

the OVC phases, one should expect the relative change in the Se number density to equal the 

relative change in volume of the unit cell coupled with the change in density due to any atom 

probe reconstruction artifacts as shown in Eq. 5. By using the Se atoms as a normalization 

parameter the change in number density due to VCu’s can be isolated from the remaining 

parameters previously discussed. 

 Δρ!"#$%&''()'*+! + Δρ!"#$%&'()*+%), = Δρ!" Equation 2.5 
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It should be noted that the difference between the overall change in number density for 

all species and that for just selenium should be zero for stoichiometric CIGS absorbers.  

For the non-stoichiometric phases, a key assumption in the analysis is there are no 

relative changes in vacancies besides Vcu or interstitial atoms, the only additional mechanism for 

a change in number density is from Vcu. Therefore the total change in density is the sum of the 

APT uncertainty, lattice volume, and Vcu mechanisms (See Eq. 6). 

 Δρ!"#$% = Δρ!!" + Δρ!"#$%&''()'*+& + Δρ!"#$%&'()*+%), Equation 2.6 

The total change in density as well as the change in density due to the Se atoms may be 

calculated from the experimental set up given in Figure 5. From Eq. 5 and 6, the change in 

density due to VCu’s from the number density method may be obtained (see Eq. 7).  

 Δρ!!"  (Density) = Δρ!"#$% − Δρ!" Equation 2.7 

Figure 6a shows the difference between the total and Se number densities for ROIs from 

stoichiometric CIGS in Specimens 2 and 3 (See Figure 2) represented by Δρ!!"  (Density) given 

by Eq. 7. Cu concentrations within 0.75 at% of the ideal (25 at%) were considered as 

stoichiometric CIGS. The figure shows the difference between the total number density and Se 

number density is small, with the average equal to 0 for both specimens with a standard 

deviation of 0.49 for Specimen 2 and 0.45 for Specimen 3.  These indicate the uncertainty 

attributable to the atom probe analysis and reconstructions. VCu can now be measured from 

change in density due to using Eq’s 5, 6, and 7 for the off-stoichiometeric specimen (Figure 6b). 
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The ��!!" may also be calculated based on the measured Cu concentration. Combining 

Eq. 2 and the fact there are two VCu’s per every ordered defect pair, the number of VCu’s per 100 

atoms for a given volume may be calculated (Eq. 8).  

 #V!"′s =
! !!!!!"

!
 Equation 2.8 

Therefore, the percentage of Cu vacancies #V!"′s (%), per a given volume is equal to the 

quotient of #V!"′s over the number of total lattice sites which in this case is the sum of Cu 

vacancies and one hundred.  

 #V!"
!
s % =

#!!"!"

!""!#!!"!"
 Equation 2.9 

Finally, the percent change of density from stoichiometric CIGS is equal to the product of 

the percentage of Cu vacancies and the scalar quantity representing the change in density due to 

the change in unit cell volume as well as uncertainties associated with APT reconstruction (Eq. 

9; Please see Eq. 7 and the preceding section for further discussion).   

 Δρ!!" Concentration = 1+ Δρ!"#$%&''()'*+& + Δρ!"#$%&'()*+%),
#!!"!"

!""!#!!"!"
   

Equation 2.10 

Combining Eq. 7 and 9 gives Eq. 10; the total change in density due to Vcu derived from 

the “concentration experiment” and is denoted as: Δρ!!"(Concentration) 

 Δρ!!"(Concentration) = 1+ Δρ!"
#!!"!"

!""!#!!"!"
 Equation 2.11 
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Figure 2.6  Density profiles of stoichiometric CIGS and non-stoichiometric CIGS. a) Change in 
density as predicted from the concentration profiles (filled symbols) and density profiles (empty 
symbols) as a function of distance for specimens 2 and 3. The change in density due to VCu was 
predicted using Cu concentration profiles (See Eqs. 8e11). Density profile analyses were 
conducted by measuring the change in density from a volume of a box compared to the box 
furthest from the CdS/CIGS interface as a function distance (See Fig. 6 and Equations. 5e7). The 
regions analyzed for Specimens 2 and 3 were taken when Cu concentrationwas 25 ± 0.75%. In 
these regions, it is shown that the difference in change of density of Se ions and total ions is 
small, average ¼ 0 ± 0.49% for Specimen 2 and average ¼ 0 ± 0.45% for Specimen 3. b) Change 
in density same as in part a) but for Specimens 1. 

Cu concentrations collected in the same ROI as the density profile were used to then 

calculate the predicted change in density due to Cu vacancies, which corresponds to the values of 

��!!"  (�������������) in Figures 6a and b. For Specimens 2 and 3, which had relatively 

constant compositions throughout the analyses, Figure 6a depicts little change in the density as a 

function of distance for either method. This is not surprising since both of these specimens 

appear to be single phases very nearly that of the stoichiometric 112 phase.  Scatter in the data in 

this figure demonstrates the variability attributable to the data collection and reconstruction 

processes.  Figure 6b shows the comparison of both approaches for the change in density due to 

Cu vacancies for Specimen 1. The change in density due to VCu is shown to be significant at the 

beginning of the specimen, roughly 5.5%.  This is much greater than the instrumental and 

reconstruction uncertainty.  Additionally, the good agreement between the two approaches 

 Figure 6| Density profiles of stoichiometric CIGS and non-stoichiometric CIGS. a) Change in density as predicted from the concentration 

was predicted using Cu concentration profiles (See Eq.’s 8
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allows for making some conclusions. First, there is indeed coupling of defects into ODPs by the 

ratio of two VCu for every (In,Ga)Cu, which was shown to accurately reproduce both the 

experimental change in density and the experimental concentration profiles (See Figures 4 and 

6).  Secondly, the agreement supports the validity of the assumption that there is a negligible 

change in density due to interstitials or vacancies other than VCu. Lastly, there are an appreciable 

amount of ODPs (up to 3.5 pairs per 100 lattice sites).  

2.5 Conclusion 

The band structure can begin to be analyzed since the point defects have been 

characterized and quantified at the nano-scale. For example it is predicted that the ODP’s result 

in a change from a p-type to an n-type semiconductor by creating a donor state ~100meV from 

the conduction band maximum as well as eliminating the acceptor state caused by the uncoupled 

Cu vacancy[4]. Also, since this method determines the concentration of VCu, the valence band 

maximum shift could be more precisely calculated by quantifying the change in Cu-d Se-p 

repulsion.   

More generally, this new method has demonstrated the ability to use APT data for 

determining point defect densities at the nano-scale. However, this technique will not be able to 

identify all point defects.  Pairs that result in either no change in number density or composition 

could not be derived. Most notably for CIGS, the pair of CuIn+InCu which has been shown to 

have a low energy of formation, [2,13] cannot be measured.  

Due to the highly localized nature of the composition changes shown in this study, it is 

not surprising that other techniques have not measured OVC phases in the bulk of CIGS. 

Characterization techniques such as XRF, XPS, and SIMS, which have been used to examine 
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CIGS, have a much larger sample volume than APT. As a result, the concentration profiles 

acquired are a statistical average of nano-domains and thereby do not capture the highly variable 

local chemistry shown in this study 

Three different APT specimens from adjacent regions of a high-efficiency CIGS device 

were analyzed. One had a shift in the composition profile through the depth of the analysis. Most 

notably, it varied from being deficient in Cu and enriched in Ga and transitioned to the 

stoichiometric 112 phase composition; the profiles from the other two specimens indicated only 

the 112 phase. These data indicate the existence of a localized phase in the bulk of the absorber 

not yet seen in literature. The composition data were used to assess the validity of an ordered 

defect pair structure: 2VCu+(In,Ga)Cu.  Furthermore, a second approach using the change in 

number density through the specimen provided nearly identical results to the compositional 

method. Moreover, the data were used to calculate quantitative point defect densities for CIGS at 

the nano-scale for a first time. From the unique characterization of point defects at the nano-scale 

produced by this new method, further optimization of CIGS devices may be possible by 

providing feedback for the processing of the absorber layer for active enhancement or 

diminishment of these defects.  
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CHAPTER 3 NANO-SCALE INSIGHT INTO THE P-N JUNCTION OF ALKALI 

INCORPORATED CU(IN,GA)SE2 SOLAR CELLS 

Paper currently undergoing minor revisions in Progress in Photovoltaics: Research and 

Applications 

Adam Stokes1, Mowafak Al-Jassim2, Andrew Norman3, David Diercks3 and Brian Gorman2 

3.1 Abstract  

The effects of alkali diffusion and post-deposition treatment in three-stage processed 

Cu(In,Ga)Se2 solar cells are examined using atom probe tomography (APT) and electrical 

properties measurements. Cells treated at 500 °C to induce alkali diffusion from the substrate 

exhibited high open-circuit voltage (758 mV) and efficiency (18.2%) and also exhibited a 50–

100-nm-thick ordered vacancy compound layer at the metallurgical junction. Surprisingly, these 

high-temperature samples exhibited higher concentrations of K at the junction (1.8 at%) than 

post-deposition treatment samples (0.4 at%). A model that uses Ga/Ga+In and Cu/Ga+In profiles 

to predict bandgaps (±17.9 meV) of 22 CI(G)S solar cells reported in literature is discussed and 

ultimately used to predict band properties at the nanoscale using APT data. The high-temperature 

samples exhibited a greater drop in the valence band maximum (200 meV) due to a lower 

Cu/(Ga+In) ratio than the post-deposition treatment samples. 

______________________________________________________________________________
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There was an anti-correlation of K concentrations and Cu/(Ga+In) ratios for all samples, 

regardless of processing conditions. Changes in elemental profiles at the active junctions 

correlate well with the electrical behavior of these devices. 

3.2 Introduction 

There has been a large relative gain in Cu(In,Ga)Se2 (CIGS) laboratory-measured 

efficiency over the last three years (2013–2015), leading to an increase in efficiency of 1.9 

abs.%, whereas over the ten years prior (2003–2013), a gain of 1.1 abs.% was realized.[1]–[4] The 

latest gains in efficiency can be attributed, in large part, to the incorporation of potassium. 

Chirila et al. pioneered a new method of K incorporation via a post-deposition treatment (PDT) 

and correctly predicted further record performances of CIGS technology as a result.[2] Since then, 

multiple groups have achieved record efficiencies using alkali PDT.[3], [5] It has been widely 

assumed that K acts similarly to Na incorporation, which leads to passivation of surfaces—at the 

metallurgical junction and at grain boundaries. Some groups show a correlation of K enrichment 

and a Cu-poor layer, but results have been largely qualitative using relative counts of Cu and K 

in secondary-ion mass spectrometry (SIMS) depth profiles.[2], [6], [7] Laemmle et al. showed a 

quantitative SIMS depth profile comparing K concentrations of three CIGS cells made with KF 

precursor (KF PDT) compared to a K-free reference cell.[8] A concentration of over 1 at. % at the 

surface of a 2×3 mm2 sputtered area was realized for the sample with a KF precursor. However, 

quantification is still lacking at the nanoscale of matrix elements (Cu, In, Ga, and Se) as well as 

impurities (K and Na) at the metallurgical junction. Recently, Aguiar and Stokes et al. shows 

(S)TEM and APT correlative characterization at the interface comparing cells grown with and 

without KF.[9] Further analysis using high chemical sensitivity coupled with great spatial 

resolution is needed to provide quantitative relationships of alkali concentrations to CIGS 
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stoichiometry at very small length scales near the metallurgical junction. Na and K have been 

shown to reside in grain boundaries using atom probe tomography (APT), which combines high 

spatial resolution (sub-nm) and high chemical sensitivity (tens of ppm).[10]–[14] Further three-

dimensional (3-D) compositional quantification from these small length scales at the 

metallurgical junction and space-charge region (SCR) should provide vital information to guide 

further efficiency improvement. 

Incorporating alkalis into the absorber have been demonstrated in a variety of ways, such 

as: PDT, varying partial pressure ratios of Se and group III species, and depositing a Na layer 

before CIGS deposition.[5], [8], [15], [16] We present another method of alkali incorporation in 

this study: using a high-temperature Schott glass substrate with increased substrate temperature 

to enhance diffusion of both Na and K from the glass into the absorber. This method is compared 

to the KF PDT method by using the state-of-the-art microscopy techniques of APT and scanning 

transmission electron microscopy (STEM). 

3.3 Results and Discussion 

In Sample 1, a CIGS absorber layer was grown on a Mo-coated soda-lime glass using a 

three-stage process outlined in Ref. [17]. In this case, the substrate was heated to higher 

temperatures (650 °C) before the first stage in order to increase alkali diffusion from the Schott 

glass substrate. A NaF PDT was also incorporated after the third stage. Sample 2 was grown by 

the traditional three-stage process and capped with a KF PDT (see Figure 1 for the schematics of 

the device structures). The samples were prepared for APT and STEM analysis with an FEI 

Helios 600i DualBeam focused ion beam/scanning electron microscope (FIB/SEM) using a 

technique similar to that described in Ref. [18]. The end radii of the specimens analyzed ranged 
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from 80–150 nm. APT data were collected using a LEAP 4000X Si instrument manufactured by 

Cameca Instruments, Inc., using a laser energy of 5 pJ, base temperature of 40 K, detection rate 

of 1.5%, and laser pulse rate of 500 kHz. The laser energy and base temperature were optimized 

to obtain equal evaporation rates of the constituent elements for an accurate chemistry profile of 

the device that well represents stoichiometric CIGS. A Philips CM200 TEM was used to capture 

the specimens’ dimensions before APT using the hardware described in Ref. [19], which allowed 

for more accurate 3-D reconstructions. High-angle annular dark-field (HAADF) STEM analysis 

was performed using an FEI Tecnai F20 with a camera length of 60 mm. A diagram of the alkali-

incorporated samples and their device performances are shown in Figure 1. The open-circuit 

voltage (Voc) value for Sample 1 of 758 mV is comparable to the 2015 world record from ZSW 

of 746 mV.[3] An overall efficiency of 18.23% is limited due to lower short-circuit current 

density (Jsc) and fill factor (FF) compared to the world-record cells (see Ref. [3]). Compared to 

Sample 1, Sample 2 has higher Jsc (33.1 mA/cm2 vs. 31.1 mA/cm2) but lower Voc (728 mV vs. 

758 mV). 

 

Figure 3.1  Heated substrate (Sample 1, left) and KF PDT (Sample 2, middle) sample schematic. 
Device performance is shown (right) for both samples. 

STEM followed by APT analysis of eight specimens was performed at the metallurgical 

junction (CdS/CIGS interface) to investigate the relationship between the observed electrical 
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properties and  nanoscale compositions. Figure 2 shows a HAADF micrograph with a camera 

length of 60 mm, which was chosen for god atomic number contrast. Interestingly, Sample 1 

exhibited a darker region about 50–100 nm in thickness just below the metallurgical junction and 

continuing into the absorber, indicating a lower average atomic number. Complementary to the 

HAADF micrograph, an energy-dispersive spectroscopy (EDS) line scan was performed for 

chemical analysis. The line scan begins at the metallurgical junction, corresponding to 0 nm in 

Figure 2b, and ends at the edge of the darker region (100 nm). Cu depletion and In enrichment 

are shown in the darker region, most likely due to the stacking of many ordered defect pairs, 

InCu+2VCu. The many VCu would lead to a lower average atomic number and correlate well with 

the “darker region” shown in the HAADF micrograph. Many works in literature also exhibit Cu 

depletion and/or an ordered vacancy compound (OVC) at the surface of bulk CIGS, primarily 

within the first 10 nm.[20], [21] HAADF STEM was also employed for Sample 2 (not shown) 

but no such Cu-poor film was observed. If we assume an OVC layer at the surface of Sample 1 

and that the OVC layer is an n-type semiconductor then a buried p-n junction would be 

formed.[22], [23]  This junction would possibly result in reduced recombination, because carriers 

would be pushed away from the defect-rich metallurgical junction, and increased Voc. No alkali 

concentrations were detected in EDS, most likely due to insufficient chemical sensitivity (about 

1 at. %).  Therefore, APT was employed to characterize Na and K concentrations at the 

metallurgical junction.  

Figure 3 shows an APT reconstruction of a specimen taken from Sample 1 (Specimen 1 

of Sample 1 in subsequent figures). A histogram of typical mass-to-charge state ratio is also 

shown in Figure 3. Peaks for Na and K do not overlap with any other element, which allows for 

good chemical sensitivity (~30 ppm). Each voxel (1.5-nm cube) is color-coded according to an 
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element’s concentration within the volume and is greater than the following values: 15 at. % In 

(dark magenta), 0.1 at. % K (dark green), and 0.4 at. % Cd (black). All chemical profiles for 

subsequent figures begin with a Cd value of ~1 at. %, which indicates the top surface of the 

CIGS and the beginning of the metallurgical junction. The highest levels of K are shown to be 

located in the same region as the “darker” contrast region seen in the STEM image in Figure 2, 

i.e., 0–50 nm from the metallurgical junction into the absorber.  

 

Figure 3.2  HAADF STEM and STEM EDS. HAADF micrographs (a) demonstrate a change in 
contrast (“darker region”) just below the metallurgical junction indicating a lower average 
atomic number. EDS line scan (b) shows Cu-poor, In-rich chemistry in the region of contrast and 
is taken from the region indicated by the white dotted arrow in (a). 

 

Figure 3.3  Atom probe tomography reconstruction (a) and mass spectrum (b). The specimen 
reconstruction begins at the metallurgical junction and ends 250 nm into the bulk CIGS. The 
geometry of the specimen shown is similar to that of the specimens presented in subsequent 
figures. 
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Four specimens from each sample were analyzed in APT with similar sample geometries 

presented in Figure 3 (i.e., samples begin at the metallurgical junction and end 250 nm into the 

CIGS absorber). Figure 4 shows alkali concentrations alongside Cu/(Ga+In) (CGI) and 

Ga/(Ga+In) (GGI) ratios for all eight APT specimens. For all samples, there is large variability in 

the stoichiometry at the interface. Of the four specimens taken from Sample 2, Specimens 1 and 

2 show 0.2 at. % K within 10 nm of the interface, Specimen 4 contains 0.4 at. % K, and 

Specimen 3 contains an undetectable amount. For Sample 1, all four specimens show a 

stoichiometry close to that of the Cu2(In,Ga)4Se7 OVC. A clear correlation of K enrichment and 

CGI depletion is shown, which corroborates the qualitative data shown in various other studies 

and the quantitative data shown in Ref. [21].[2], [6], [7] Sample 1 contains larger amounts of K (0.4–

1.8 at. %) than Sample 2 (0–0.4 at. %) at the interface and a more uniform distribution within 

50–100 nm of the interface. K concentration levels of ~1 at. % near the junction are in good 

agreement with Ref. [8], where the cell was grown with a K precursor. This may indicate that a 

large enough increase in substrate temperature before growth introduces a similar amount of K 

into the absorber as a cell grown with a K precursor. Volumes in which K are the highest 

correlate well with the “dark region” seen in the STEM micrograph in Figure 2, indicating the 

Cu-poor regions are preferred for K occupation. Sample 2 included a NaF PDT, so a K-rich 

surface and negligible amount of Na was surprising. It appears that the diffusion of sufficient K, 

by occupying the available VCu, prevents the Na atoms from segregating to that region. KCu may 

be the dominant substitutional defect at the surface and not NaCu, indicating that K enrichment at 

the surface is more energetically favorable than Na.  
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Figure 3.4  CGI, GGI, K, and Na profiles. APT captured the chemistry at the metallurgical 
junction. An anti-correlation of K and CGI are demonstrated for all samples. High variability of 
local stoichiometry is shown for both growth techniques. Error bars in all cases are less than 
±0.24 at. %, which are omitted for clarity. Errors of ±0.24 at. % Se, ±0.14 at. % Cu, ±0.17 at.% 
In, and ±0.14 at.% Ga were calculated as a convolution of standard deviation and statistical error 
(very small <0.01%) using a control sample. 

As described in the following discussion, APT-derived accurate concentration profiles of 

all matrix elements at the metallurgical junction allow for calculations of the valence band 

maximum (VBM) and conduction band minimum (CBM) as well as the bandgap at the junction. 

First, the CBM changes much more drastically as a function of Ga/III content than the VBM.[24] 

For example, the CBM increases by 0.6 eV and the VBM decreases by 0.04 eV when 

transitioning from CIS to CGS [24]. The bandgap may be predicted as a function of Ga content 

for stoichiometric Cu(In,Ga)Se2 by Equation 1 (Ref. [24]), where b is the optical bowing 

coefficient and x is Ga/III. As previously discussed, the increase in bandgap when Ga is 

introduced primarily comes from the increase in CBM. 

 �! ���� = 1− � �!
!"#

+ ��!
!"#

− ��(1− �) Equation 3.1 

High Temperature Substrate

KF Post-deposition-treated

Specimen 1 Specimen 3 Specimen 4

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Specimen 2
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Conversely, the VBM is strongly affected by the OVC stoichiometry, which results from 

Cu-d Se-p repulsion; a reduction in Cu content results in a reduction of the VBM.  Therefore, the 

OVC causes a much larger VBM offset than CBM offset. For example, the reduction in VBM 

from 1:1:2 Cu:(In,Ga):Se to the OVC 1:5:8 phase is 0.42 eV, whereas that of the CBM is only 

0.08 eV.[25], [26] This is assuming that the change in stoichiometry is a result of a stacking of 

ordered defect pairs (see Ref. [21]). 

Contreras et al. measured a difference in bandgap of Cu(In,Ga)Se2 and Cu(In,Ga)3Se5 of  ~180 

meV with the same Ga-content.[20] They further found that the VBM remains flat regardless of 

Ga content for the ODC and the 1:1:2 phase. Therefore, the effect of Ga on the bandgap and the 

effect of Cu-poor stoichiometry on the bandgap are independent. As a result, the total bandgap 

may be calculated by adding the contributions due to changes in Ga content and those resulting 

from the relative decrease in Cu content independently. Thus, based purely on the chemical 

profiles, the local bandgap at and near the junction may be extracted using the nanoscale data 

captured in the APT results. Equation 2 gives the total bandgap based on Ga and Cu content 

where x, b, and α are Ga/Ga+In, optical bowing constant, and slope of the Cu off-stoichiometry 

vs. bandgap (shown in Figure 5), respectively. Values for E!
!"#= 1.04 eV and Eg

CGS = 1.68 eV (see 

Ref. [24], [27]) are used for all calculations. Figure 5 shows bandgap vs. Cu off-stoichiometry 

(25-Xcu) for OVC cells reported in literature. The slope is used to calculate the constant α = 

0.017. Table II shows a list of 22 CIGS solar cells containing a variety of Cu and Ga content 

taken from Refs. [28]–[30] and their associated bandgaps. Each reference was chosen such that 

the solar cells reported had either no Ga gradient or was a single crystal of Cu-poor CISe. GGI 

and Cu contents of solar cells (shown in Table II) that contain Ga were inserted into Equation 2 

to solve for the optical bowing coefficient. This was done by varying the optical bowing 
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coefficient value until the sum of the differences of the predicted bandgaps and the reported 

bandgaps was at a minimum, which rendered a value of b = 0.23 (see Table 3.1). This is in close 

agreement with values reported in Ref. [24], where the optical bowing parameter was predicted 

to be 0.21 and the reported experimental values ranged from 0.15–0.24. The predicted bandgaps 

for all solar cells are also shown in Table 3.1. There is good agreement between the reported 

bandgap and predicted bandgap, i.e., the absolute value of their differences is small with a 

standard deviation of ±17.9 meV (Table 3.1) and Figure 6. The model for the prediction of 

bandgaps based on independently calculating the effect of GGI and Cu content is assumed to be 

accurate to within ±17.9 meV. This contribution will now take the same model to APT 

experimental data of alkali-incorporated cells, which will give a picture of how the bandgap 

changes when approaching the junction at very small length scales (nm).    

 E!
!"!#$

= 1-x E!
!"#

+ xE!
!"#

-bx 1-x + α(25-Χ!") E!
!"!#$

= 1-x E!
!"#

+ xE!
!"#

-bx 1-x +

α(25-Χ!") Equation 3.2 

 

Figure 3.5  The change in Cu from stoichiometric CIGS is plotted vs. bandgap. A linear 
relationship is shown. The slope, α, is solved for in Equation 3.2. 
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Table 3.1. Concentration profiles of cells with varying stoichiometry and Ga content taken 

from Refs. ([28]–[31]). Bandgaps were predicted using Equation 2 and compared to the 

reported values. 

Cu 

(at. %) 

In 

(at. %) 

Ga 

(at. %) 

Se 

(at. %) 

GGI 

(unitless) 

Measured 

Bandgap 

(eV) 

Predicted 

Bandgap 

(eV) 

Ref 

(#) 

10.7 33.9 0 55.5 0 1.26 1.29 [28]ξ
 

11.1 25.5 8.1 55.2 0.24 1.40 1.39 [28]ξ
 

11.2 31.1 3.2 54.6 0.09 1.30 1.32 [30]+
 

11.4 0 32.1 56.5 1 1.85 1.91 [30]+ 

11.7 32.6 0 55.6 0 1.23 1.27 [30]+ 

11.9 23 9.9 55.2 0.30 1.38 1.41 [30]+ 

      12  25.7 7 55.4 0.21 1.34 1.36 [30]+ 

12.1 19.6 12.9 55.5 0.40 1.44 1.46 [30]+ 

12.6 7 24.9 55.6 0.78 1.69 1.71 [30]+ 

12.7 0 35.1 52.2 1 1.85 1.89 [29]δ
 

12.9 11.9 19.3 55.9 0.62 1.57 1.59 [30]+ 

13.1 0 34.6 52.4 1 1.86 1.88 [29]δ 

13.4 16.4 15.5 54.8 0.49 1.50 1.49 [30]+ 

16.6 31.1 0 52.3 0 1.13 1.19 [29]δ 

    0 1.05 1.05± [31]∗ 

    0.08 1.09 1.08± [31]∗ 

    0.19 1.15 1.13± [31]∗ 

    0.25 1.19 1.16± [31]∗ 

    0.5 1.31 1.31± [31]∗ 

    0.72 1.50 1.46± [31]∗ 

    0.84 1.59 1.55± [31]∗ 

    1 1.72 1.68± [31]∗ 
    ξ 

Single crystals of Cu(In1-xGax)3Se5 grown by chemical transport reaction modified by a 

time-varying temperature profile as reported in Ref 29 
    + 

Cu(In1-xGax)3Se5 films were fabricated by the periodic deposition of CuIn3Se5 and 

CuGa3Se5 layers as reported in Ref 32 
    δ Single crystals grown by the Bridgman method 
    ∗ Epitaxial crystals grown by metal-organic vapor-phase epitaxy (MOVPE) on GaAs. 

Only Ga/Ga+In (GGI) ratios were reported (see Ref. 34). 

   ±
 
Concentration profiles used to predict bandgaps were calculated as follows: Ga = GGI 

* 25, In = 25(1 - GGI), Cu and Se were assumed to be 25 and 50 at. %, respectively. 
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As discussed above, it is assumed that the contributions of GGI and Cu off-stoichiometry 

are independent. The CBM and the VBM offsets from CISe may also be calculated using 

Equation 3 and 4, respectively. The constant β represents the relative change of the total bandgap 

because of the shift in CBM due to Ga content and is β = 0.94, i.e., the total bandgap relative 

change from the CBM due to Ga content is 94% (see previous discussion and Ref. [24]). The 

constant σ represents the relative change to the total bandgap from the CBM due to the OVC 

stoichiometry and is σ = -0.235, i.e., the CBM is reduced as a result of the OVC, and the relative 

change of the total bandgap from the CBM due to the OVC is -23.5% (see previous discussion 

about OVC VBM and CBM and Refs. [26], [32]. Therefore, the relative changes of the bandgap, 

because of the VBM, due to GGI and Cu content are (1- β) and (1- σ), respectively, and are 

included in Equation 4. 

 

Figure 3.6  VBM, CBM, and total bandgap are shown for all samples. All samples show a high 
variability of chemical profiles causing a large spread in potential barriers for charge carriers at 
the metallurgical junction. The total bandgap for the high-temperature sample is larger than for 
the KF PDT sample, due to large drops in the VBM (~200 meV) relative to stoichiometric CIGS. 

High Temperature Substrate

Specimen 1 Specimen 2 Specimen 3 Specimen 4

KF Post-deposition-treated

Specimen 1 Specimen 2 Specimen 3 Specimen 4
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 Offset!"# eV = β x E!
!"#

− E!
!"#

− b 1− x + (σ)α(25− X!")  Equation 3.3 

 Offset!"# eV = 1-β x E!
!"#
-E!

!"#
-b 1-x + (1-σ)α(25-X!") .    Equation 3.4 

Figure 6 shows the calculated bandgaps (calculated by Equation 2 and equal to summing 

Equation 3 and 4) and VBM and CBM offsets for all eight specimens for the absorber only and 

before the band bending caused by the CdS. As shown, the bandgap of the high-temperature 

sample is larger for most of the samples than for the KF PDT samples (except for Specimen 2), 

which would help explain the high Voc (Figure 1). Furthermore, the VBM drops by 200 meV for 

three of the four Sample 1 specimens and only one of the four Sample 2 specimens, which could 

lead to a reduction in recombination as discussed earlier. The bandgap of Sample 2 fluctuated 

from 1.2–1.6 eV whereas Sample 1 was ~1.4 eV for all specimens. The CBM increased (due to 

increasing Ga content) approaching the junction for three specimens and remained unchanged in 

Specimen 4 for Sample 1. Conversely, the CBM either remained flat (Specimens 1, 2, and 4) or 

slightly increased (Specimen 3) for Sample 2. Perhaps the extended OVC region allowed 

increased Ga and In intermixing for Sample 1. 

3.4 Conclusions 

We compared chemistry profiles at the metallurgical junction characterized at the 

nanoscale for two solar cells with different growth techniques of alkali incorporation. Both 

demonstrated highly variable chemical profiles. The heated substrate sample showed 

significantly more K (0.5–1.7 at. %) at the interface than the KF-PDT specimen (0–0.4 at. %). 

Literature data were used to determine the independent contributions of the Ga and Cu-contents 

on the VBM, CBM, and overall bandgap. Nanoscale quantification of the VBM, CBM, and 
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bandgap at and near the metallurgical junction was calculated for all eight specimens (four for 

each sample) by independently summing the contributions of Ga content and Cu deficiency. 

The heated-substrate sample had significant drops of the VBM in three of four specimens 

whereas only one of four of the KF-PDT samples had a significant VBM drop off, which is 

directly related to K content and Cu-poor stoichiometry. The drop in VBM may explain the 

increase in Voc for the heated-substrate sample. CBM at the metallurgical junction varied more 

with the heated-substrate sample. Perhaps the Cu-poor stoichiometry allows for increased In and 

Ga mixing at the surface.   
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CHAPTER 4 REVEALING SURFACE MODIFICATIONS OF POTASSIUM-FLUORIDE- 

TREATED CU(IN,GA)SE 2 : A STUDY OF MATERIAL STRUCTURE, CHEMISTRY, AND 

PHOTOVOLTAIC PERFORMANCE 

Paper published in Advanced Materials Interfaces.  

Jeffery A. Aguiar1, Adam Stokes1, Chun-Sheng Jiang3, Toshihiro Aoki3, Paul G. Kotula3, 

Maulik K. Patel3, Brian Gorman3, and Mowafak Al-Jassim2 

4.1 Abstract 

The effects of alkali post-deposition treatments and device properties for poly- crystalline 

thin film Cu(In,Ga)Se 2 have been investigated. It is reported that these surface treatments lead 

to differences in interface chemistry and device properties. The behavior of defects in the space 

charge region as a function of different growth parameters is investigated by correlative 

analytical microscopy. The latter combines electron microscopy based imaging, Kelvin probe 

force microscopy, and atom probe tomography. Alkali treatments lead to copper depletion and 

consequent sharpening of the compositional profiles, and the measured electric potential 

differences of exposed Cu(In1-x,Gax)Se2 surfaces. Measurable differences in resistivity and 

potential have also been observed, which are expected ot relate to the improved open-circuit 

voltage, fill-factor, and device efficiency. This study frames one perspective as to why post-

deposition alkaline treatments lead to copper depletion, a mildly n-type semiconductor interface, 

and higher efficiency for a Cu(In,Ga)Se2 thin-film photovoltaic device.  

______________________________________________________________________________
1Primary author                           
2Project advisor                                                                                                                          
3Coauthor 
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4.2 Introduction 

The addition of alkaline impurities is responsible for the latest increases in world record 

efficiencies for Cu(In 1–x ,Ga x )Se 2 (CIGS) solar cells, resulting in efficiencies above 21%. 

[1,2] In order to exploit the use of alkaline-based treatments, the photovoltaic community is 

characterizing the leading methods of alkali incorporation that include diffusion from glass 

substrates, alkali precursors, and the post-deposition treatment of the absorber layer. 

Understanding the role of surfaces and interfaces is necessary as new synthesis routines and 

processes are developed to achieve higher efficiency photovoltaics. [ 3 ] Specifically, it is 

important to understand the modifications in microstructure, chemistry, and electronic structure 

at interfaces as a result of alkaline treatments and how those affect the performance of thin-film 

photovoltaics. This correlation is of prime importance to further improve the technology. Until 

recently, Na and K incorporation was achieved via diffusion from the soda-lime glass substrate. [ 

4 ] Approximately 0.1 at % of Na and even smaller amounts of K in the absorber was shown to 

be the most beneficial. For alkali-free substrates, sodium fluoride (NaF) post-deposition 

treatments have been successfully implemented to improve device efficiency. [ 5 ] Even greater 

success has been reported with the addition of a potassium fluoride (KF) post-deposition 

treatment (PDT) on an alkali-free substrate. [ 2,6 ] 

The interaction of NaF and/or KF with the absorber can produce several surface and grain 

boundary effects such as doping, passivation, and diffusion of atoms across interfaces. [ 7 ] 

Literature has further shown a complicated and highly variable relationship between the 

measured microstructure and the electro-optical properties following PDT. [ 8 ] Despite a large 

body of work on the subject, the complex relationships between alkaline treatments, interface 

properties, and solar cell performance have not been fully elucidated. In particular, studies using 
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high resolution characterization techniques have not been reported for these PDTs. [ 9 ] 

Interfaces are generally reported to either enhance or degrade the overall device efficiency 

depending on the material, device structure, process conditions and/or interface quality. [ 10 ] In 

particular, the role and modification of the CIGS/CdS interface following PDT is of great interest 

to address the issues of recombination and passivation. The degree of off-stoichiometry, 

specifically the Cu/III ratio, as a function of distance from the CIGS/CdS interface may be a 

possible lever to improve the performance of the device. [ 11 ] In this work, we have taken 

advantage of the latest microscopy techniques—including aberration corrected scanning 

transmission electron microscopy (STEM), atom probe tomography (APT), AFM-based Kelvin 

probe force microscopy (KPFM), and atomic force microscopy (AFM)—to report on the 

quantifiable details pertaining to structure-property relationships as they relate to measured 

device performance.[ 12 ] Our goal in this paper is to compare and contrast identical CIGS 

devices with and without KF PDT by applying correlative microscopy to report on the effects of 

the microstructure at the CdS/CIGS interface as it relates to device properties. 

 

4.3 Results 

Untreated and KF-treated CIGS solar cell structures were prepared on high melting-

temperature glass substrates, coated with sputtered molybdenum to serve as a back contact to the 

device. The CIGS layer was deposited via a three-stage coevaporation process described 

	

Table 4.1 Device Characteristics with and without potassium fluoride               

post-deposition treatment. 

 No Treatment KF Treatment 

Voc (mV) 673 741 

Jsc (mA/cm
2
) 33.14 32.6 

FF (%) 73.6 74.1 

η (%) 16.4 17.9 
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elsewhere with modifications to achieve a graded bandgap material. [13,14] An alkali post-

deposition-treatment was performed by coating the bare CIGS absorber with KF. Before the CdS 

was deposited, the KF-coated pieces were rinsed in a solution of ammonium hydroxide and 

deionized water to remove excess KF. All absorbers were then finished into devices using the 

standard layers (CdS, ZnO bi-layer, silver grids) described by Contreras et al. [14] Hereafter, we 

will refer to samples that were treated with KF as “treated” and those that were not as 

“untreated.” Those absorbers not finished into devices in the following text will be referred to as 

“bare” samples. Table I summarizes the measured device performances for the treated and the 

untreated devices. An improvement in the device efficiency from 16.4% to 17.9% was measured 

with the treated sample due to increases of 68 mV and 0.5% in opencircuit voltage and fill-

factor, respectively. We postulate that the KF treatment modifi es the near surface region of the 

CIGS (<0.1 µm below the CdS layer) such that there is a difference in the valence structure, 

specifi cally the valence band maximum, which leads to a higher V oc . [ 15 ] In order to 

understand these measureable improvements and changes in the device characteristics for KF-

treated and compare them with untreated samples, structural and chemical modifi cations in the 

vicinity of the CIGS/CdS interface were studied on an atomic scale using advanced microscopy 

techniques. Complementary to the observed differences in device properties, we turn our 

attention to the microstructure and chemistry associated with the fi lm stack. Aberration-

corrected high-resolution STEM images and chemical profi les were collected from each of the 

devices. Low-magnification transmission electron microscopy (TEM) imaging (Figure 1 A) 

shows the CIGS device in cross-section revealing the MgF2 , ZnO, CdS, CIGS, and Mo layers. 

Both treated and untreated devices exhibited the same general morphology and microstructure of 

layers extending from the antireflective coating (MgF2) to the Mo back contact. Higher 



 

 
50 

magnification STEM atomic contrast imaging (Figure 1 B) shows the uniformity of the layers 

and the conformal growth. Comparing these two images at two different magnifications suggest 

abrupt and clean interfaces—from the micron to the nanometer scale—with no apparent damage 

to the CIGS following CdS deposition and subsequent device processing. 

 

Figure 4.1  A) Low magnification bright field TEM image reveals the overall morphology of the 
whole device. B) STEM high angle annular darkfield (HAADF) image taken perpendicular to the 
device stack is shown in detail. These series of images suggest an abrupt terminating surface 
(CdS/CIGS) as well the other layers (MgF 2 , ZnO). 

Higher magnification annular dark and bright field STEM imaging modes were 

augmented with simultaneous point resolved energy-dispersive X-ray Spectroscopy (EDS) to 

characterize the device stack nanoscale compositional profile magnified at the CdS/CIGS 

interface. STEM-based EDS chemical imaging was performed using four silicon-drift detectors 

to acquire a complete spectrum at every pixel (Cu- K/L , In- L , Ga- K/L , Se- K/L , Zn -K/L , 

Cd- L, and S- K lines) with the best achievable spatial resolution (<0.9 Å) using an aberration 

corrected FEI Titan G2 microscope. Appropriate signal conditions were achieved by acquiring a 

series of consecutive sub second frames with drift correction between frames for a total 

acquisition time of one hour. The EDS data was then processed and quantified with known 

scattering k-factors. Figure 2 shows the quantified STEM X-ray spectral component image and 

profi le results, which individually compare the device layer morphology of the “treated” and 

“untreated” devices. Figure 2 A displays the spectral image acquired from the treated device, 
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where a composite 2D EDS image shows the distribution of Cu, Cd, and O. Similarly, Figure 2 B 

is the Cu, Cd, and O image for the untreated device. Each of these elemental maps reveal the 

CIGS (Cu), CdS (Cd), and ZnO (O) device layers. Comparing the Cu profiles, the treated case 

(Figure 2 C) the Cu terminates at the CdS, where in the untreated device (Figure 2 D) we observe 

an extended Cu profile into the CdS layer. The termination of copper at the CdS layer in the 

treated CIGS is consistent with the chemical overlap that we observe in Figure 2 A using STEM. 

 

Figure 4.2  STEM-based EDS chemical composite imaging reveals the layer morphology of the 
A) KF-treated and B) untreated samples based on the distribution of Cu, Cd, and O. To compare 
the C) treated and D) untreated samples we calculated the integrated individual chemical profi 
les for Cu, In, Ga, Se, Cd, and S. Based on the Cu, In, and Ga profi les, we computed the CGI 
and GGI ratios, to resolve a E) depletion of Cu in the CdS layer with KF treatment and copper 
enrichment in the CdS layer for the F) untreated sample. Note the chemical maps are color-
coordinated to Cu (red), Cd (blue), and O (purple). 

To quantify and compare the chemical morphologies of the two devices, we calculated 

integrated chemical profiles for Cu, In, Ga, Se, Cd, and S for the treated (Figure 2 C) and 

untreated (Figure 2 D) devices. Since the Cu/(Ga+In) (CGI) ratio is an indicator of charge carrier 

density, and the Ga/(In+Ga) (GGI) ratio is a gauge of the built-in bandgap gradient, the observed 



 

 
52 

differences in the chemical profiles are calculated perpendicular to the CdS/CIGS interface using 

these two unitless quantities. Comparing the CGI ratio, for the treated (Figure 2 E) and untreated 

(Figure 2 F) devices there is less Cu at the CdS interface in the treated devices compared to the 

as-grown device. In addition, the magnitude of the GGI between the treated and untreated 

devices is relatively the same in the CIGS layer with the GGI decreasing into the CdS layer. 

Despite the same shape and trend is observed in both devices, there is a difference in comparing 

the GGI extinction rate, where GGI decreases faster in the KF-treated device. Both the CGI and 

GGI will be discussed in detail following our complementary analysis using atom-probe 

tomography. 

 

Figure 4.3  CIGS devices A) with and B) without potassium fluoride treatment were analyzed 
using laser-assisted 3D APT and TEM. 3D reconstructions of the C) treated and D) untreated 
cases, contrasts the chemical profiles between these two devices. E,F) Quantifiable differences of 
the chemical profiles at the junction and into the CIGS for the two devices are shown. G,H) CGI 
and GGI ratios were then calculated and plotted, indicating differences in charge carrier 
concentration and bandgap, respectively. Statistical errors of ±0.10 at% Se, ±0.14 at% Cu, ±0.17 
at% In, and ±0.14 at% Ga were calculated. When inserting error bars, they were so small they 
led to a darkening of the line profiles and could not be resolved; they therefore were omitted. 
Between the two samples there is a difference in the CIGS chemistry leading up to the 
CdS/CIGS interface.  
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APT was employed to uniquely characterize the CIGS/CdS interface of both the treated and 

untreated devices by combining high spatial resolution (sub-nanometer) and high chemical 

sensitivity (ppm). TEM was used to capture the specimen’s dimensions before APT, which 

allowed for a more accurate 3D reconstruction (Figure 3 A,B). The 3D reconstruction was a 

result of isosurfaces of S, Cd, and Cu. Each region of color correlates to the associated elements 

atomic concentration above a set value. Values for each element shown are as follows: Cu 22 

at% (orange), Cd 12 at% (black), and S 3 at% (yellow). A voxel size of 1.5 nm cubed and a 

delocalization parameter of 3 Å~ 3 Å~ 1.5 were used for the reconstruction (Figure 3 C,D). 

Chemical profiles are a result of a proximity histogram used to highlight the chemistry at the 

interface. Key differences in the chemical profiles at the junction were observed. The untreated 

sample has a Cu-rich region along the CdS/CIGS interface, whereas the treated sample has a Cu-

poor at the interface. Since the CGI is an indicator of charge carrier density, the observed 

differences in the Cu profi le have clear implications on the electrical properties. A Cu-poor In-

rich interface (treated sample) is indicative of an ordered vacancy compound (OVC) phase 

leading to a more resistive and mildly n-type semiconductor. [16] The mechanism for a Cu-poor 

In-rich surface has been reported by many groups and believed to be a result of the accumulation 

of many ordered defect pairs: 2 V cu +(In,Ga) Cu. [17] The Cu vacancies may enable more 

efficient Cd occupation and lead to substitutional n-type doping. Furthermore, the Cu-poor layer 

has also been shown to have a larger bandgap than stoichiometric CIGS.  

The difference in the chemical profiles between APT and STEM discussed in this paper 

may be explained by highlighting the differences in sensitivity where STEM EDS (≈1 at %) 

differs from APT (ppm) by orders of magnitude. Furthermore, the APT volume of analysis is of 

much smaller length scales with a spatial resolution in the subnanometer range in all three 



 

 
54 

directions. Whereas the STEM EDX has a small probe size in 2D, but has to travel through the 

thickness of the sample creating a larger volume of information and a 2D projection for chemical 

mapping. Differences in length scales and chemical sensitivity between the two techniques does 

not allow for a one-to-one comparison. Also, grain-to-grain chemistry may not be uniform. Since 

the specimens for APT and STEM analysis were of different regions of the CIGS sample, there 

may be differences in chemical profiles. We are reporting a trend seen from both techniques not 

an exact one-to-one comparison. Furthermore, another possible explanation for discrepancies 

between techniques is that the chemical profiles depend on the exact location of where the 

specimens were analyzed. There could be arrange of chemical profiles at length scales around 

100 nm and may depend on the exact location within the sample. The Cu-rich stoichiometry at 

the surface of the untreated sample may suggest a Cu 2–x Se phase (Figure 3 F–H). [18] 

Furthermore, the reported GGI at the near surface for both calculations resolve similar 

magnitudes between the two devices (≈0.3 GGI for treated, 0.4 GGI for untreated) where each 

has the same shape (i.e., decreasing in magnitude from CIGS toward the CdS at the junction). In 

the case of the treated device however the GGI decreases at faster rate (Counts per nm) in the 

KF-treated device. These results suggest that the chemistry at the interface is playing a role in the 

electrical properties of these two devices, where we suspect that the KF PDT leads to enhanced 

passivation at the interface. [2] The passivation is theorized to be a result from the drop in the 

valence band maximum due to a Cu-poor stoichiometry. This acts as a hole-repellent and thereby 

leads to a reduction in the recombination, and ultimately leads to improved device performance. 

[19] 
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Figure 4.4  A,B) SSRM resistance images taken on A) the KF-treated and B) the as-grow CIGS 
films. The average resistance of the KF-treated films is three-times higher than that of the as-
grown fi lm, indicating a reduction in carrier concentration in the near-surface region by the 
treatment. C,D) KPFM potential images on C) the KF-treated and D) the as-grown CIGS films. 
The scale bars are set larger than the actual data range to best display the image contrasts. The 
middle values of the resistance scale bars are averages throughout the images. E,F) the statistical 
distribution of potential fluctuations analyzed on grain surfaces (excluding the GBs). The 
average values of the potential fluctuation does not change with the KF-treatment; however the 
distribution of the potential values are different and more random in the untreated case, 
indicating that the distribution of surface charges/defects adjusts with potassium fluoride 
treatment. 

AFM-based techniques were used to investigate the electrical properties on the nanoscale. 

Scanning spreading resistance microscopy (SSRM) and KPFM show differences in resistance 

and surface potentials between the treated and untreated CIGS films. Figure 4 compares 

untreated and KF-treated CIGS by taking a collective series of SSRM and KPFM. SSRM images 

of KF-treated and untreated CIGS in Figure 4 A,B, respectively, show a difference in their 

resistance imaging results: the overall resistance value, the resistance contrast between the grain 

boundaries and grain interior, and the intragrain resistance uniformity are different between the 

KF-treated and untreated films. SSRM probes an average of the spreading resistance to a depth 

of ≈0–50 nm from the fi lm surface. In contrast, KPFM is a surface potential measurement. A 
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comparison of the average resistance values between the two samples shows a value that is three 

times larger for the treated CIGS (the middle value of the scale bars), which is indicative of a 

reduction in the carrier concentration. Since the untreated sample was shown to contain a Cu-rich 

surface (Figure 3), the lower resistance measurements agree well with the results from Liu et al. 

which attribute the lower resistance to increased crystallinity with the addition of the highly 

conductive Cu (2–x) Se phase. [18] This could also be indicative of the weakly n-type OVC 

phase discussed above where the charge carriers are reduced. Despite a reduction in charge 

carriers, the KF-treated samples show a more uniform resistance distribution, indicative of 

charge carrier uniformity. This result is consistent with KF PDT leading to an abrupt structural 

and chemical CIGS/CdS interface. Comparing the potential images from treated (Figure 4 C) and 

untreated (Figure 4 D) CIGS films, specifically the potential contrasts and overall potential 

distribution, suggests that grain surface potential non-uniformity is reduced by the KF treatment. 

Grain boundary potential fluctuation is reduced as well. This is indicative of grain boundary 

passivation, compared to untreated CIGS. Figure 4 E,F shows a statistical distribution of 

potential fluctuations analyzed on grain surfaces (excluding the grain boundaries (GBs)). The 

sampling numbers are grain numbers analyzed. Each potential fluctuation value is the standard 

deviation over a grain, and the distributions in Figure 4 E,F are distributions of the standard 

deviations over individual grains of the treated and untreated films. The average values of the 

potential fluctuation between the untreated and KF-treated CIGS do not change; however, the 

distribution of the potential fluctuation values is different between the two samples, as well as 

the potential skew of measured values. Comparing the potential fluctuations between the two 

samples is suggestive of the same types of surface charges, defects, and potentials, but have 

different distributions. 
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4.4 Discussion 

Our characterization of treated CIGS polycrystalline samples has revealed three 

interesting and surprising features. First, the KF PDT leads to copper depletion and consequent 

sharpening of the compositional profiles. Second, the PDT leads to chemically abrupt interfaces. 

Third, the impact of treatment leads to measured potential and resistance differences of the 

exposed CIGS surfaces following PDT. Potassium fluoride treatments are thereby potential 

avenues to effectively control and treat terminating surfaces prior to device fabrication. The 

terminating surface chemistry and structure can ultimately lead to enhanced electronic band 

alignment with subsequent CdS deposition. Each of these results will now be discussed. 

Alkali treatments are well-known to affect measured device performance, but as we have 

revealed, the difference is associated with altering the CIGS terminating layer at the interface. 

Potassium fluoride PDT effectively passivates the surface, by adjusting the chemical 

profile associated with copper at the surface of the CIGS, as similarly reported by Chirilia and 

Pianezzi. Pistor et al., Pianezzi, and co-workers also note that this leads to a 0.4 eV shift in the 

valence band offset which tentatively widens the bandgap, increases the open-circuit voltage, and 

shifts the Fermi level position for KF-treated CIGS surface. [2,20,21]  

Differences in the chemistry lead to measureable differences in electrical and device 

properties. Based on SSRM and KPFM results, there is a significant difference in the potential 

fluctuations and resistance between the untreated and treated samples. The device results, as 

shown in Table I, represent difference of 68 mV in open-circuit voltage and 0.7% absolute in fill-

factor. The SSRM and KPFM results suggest that the difference in device properties may be due 

to differences in recombination at the CdS/CIGS interface. In this case, the KF-treated device has 
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lower recombination with a high open-circuit voltage compared to the untreated CIGS device, 

due to the difference in the CIGS surface structure.  

We speculate that the Cu-poor surface may lead to a higher Fermi level position, a 

sharper band bending, and a higher potential barrier for holes at the VBM. Consequently, the 

presence of a Cu-poor surface exhibits a larger bandgap, which discourages carriers from 

recombining at the surface. The abruptness of the Cu chemical profile, together with the higher 

Fermi energy due to Cu-poor nature, may lead to sharper band bending, which is consistent with 

the larger measured open-circuit voltage listed in Table 1 that suppresses interface 

recombination.  

Based on the combination of our cross-cutting characterization of treated and untreated 

CIGS, we show that there are stark differences in the distribution of resistance and potential 

fluctuations at the surface and near surface region, that are made more uniform following KF 

PDT. Chemical imaging with both STEM-EDS and APT show consistent effects of the PDT, 

which turn the chemical contrast at the interface shaper. Ultimately, these changes affect the 

charge carrier kinetics. V oc is affected directly by potential fluctuation in the absorber, with 

reduced effective bandgap by the potential fluctuation. [22] 

4.5 Conclusion 

A systematic experimental investigation of the structure, chemistry, and electro-optical 

properties of alkali-treated polycrystalline CIGS was reported. The goal was to understand the 

relationships between CdS/CIGS interface chemical, structural, and electrical characteristics, and 

device properties in polycrystalline photovoltaics as they pertain to KF PDT of CIGS. Our 

results demonstrate that KF-treated polycrystalline CIGS shows differences in the chemical and 
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layer profiles that subsequently drive device performance. KF treatment is a lever for tailoring 

compositional profiles at interfaces and controlling the chemistry within the surface-passivation 

region. The study shows that the termination at the CIGS surface is an important factor in 

designing future thin-film photovoltaics, especially concerning the use of chemical alkali 

treatments. 

4.6 Experimental Section 

Growth Process: 3-Stage Growth Combined with KF Post-Deposition Treatment: CIGS solar  

cells were prepared on high-temperature specialty glass, coated with sputtered molybdenum to 

serve as a back contact to the device. The CIGS absorber layer was deposited via a three-stage 

co-evaporation process described elsewhere [13,14] with modifications to controllably change 

the bandgap (Ga) profile. The substrate temperature during the second stage, ≈615 C, was 

measured with a thermocouple placed on the backside of the glass. For the treated sample, 

immediately following the CIGS deposition the substrate temperature was reduced to 330 ÅãC 

and ≈250 Å of KF was deposited. The devices were then allowed to cool and removed from the 

vacuum chamber. Before the CdS was deposited, the KF coated samples were rinsed in a 

solution of ammonium hydroxide and deionized water to remove excess KF. All absorbers were 

then fi nished into devices using the standard layers (CdS, ZnO bi-layer, grids) described by 

Contreas et al. [14] In the preceding text, the treated samples were referred to as those that 

received the KF treatment, and the standard CIGS without KF as the untreated case.  

Microscopy Sample Preparation: Electron transparent samples were obtained utilizing the 

standard focus ion beam (FIB) lift-out technique. A final thinning was performed using a 5 kV 

accelerating voltage and a beam current of 12 pA to remove material re-deposited during the 
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TEM FIB lift-out process and reduce the damage from the initial 30 kV ion milling, followed by 

low energy cleaning at 600 eV at −170 C, for 10 Å, in a Fischione nanomill FIB instrument and 

further thinning below 60 nm using a Zeiss helium microscope. Care was taken to minimize the 

ion beam interaction with the face of the sample throughout the TEM sample preparation. The 

initial standard lift-out was done using a typical sample size of about 10 µm by 30 µm and a 

thickness of ≈2 µm prior to further thinning to electron transparency. The electron transparent 

region observed in TEM was only about 8 µm by 5 µm.  

Analytical Microscopy: Analytical transmission electron microscopy was performed on the 

probe-corrected JEOL ARM 200 F, probe-corrected FEI Titan G2 80-200, and FEI Titan S. High 

resolution Z-contrast and chemical imaging was performed on the JEOL ARM located at the 

LeRoy Eyring Center for Solid State Science at Arizona State University operated in STEM 

mode at 200 kV. To resolve the chemistry the JEOL ARM was equipped with a Gatan Enfinium 

ER electron energy loss imaging filter (GIF) and high solid angle 50 mm 2 X-ray detector. The 

FEI Titan G2 80-200 operated at 200 kV located at Sandia National laboratory performed EDS 

chemical imaging using 4 silicon-drift detectors with the best achievable spatial resolution for 

the microscope consistent with the specimen thickness. The EDS data was then processed and 

quantified with known k-factors. Similarly, the FEI Tecnai located at the National Renewable 

Energy Laboratory operated at 200 kV in STEM was used to maps, the X-ray emission spectra 

captured with the EDS spectrometers were quantified, after subtracting the background and 

quantifying each of the elements based on listed k-factors. [ 23 ] The analytical certainty 

associated with this EDS profi ling was within 3 at%. The probe corrected FEI Titan S, located at 

Oak Ridge National Laboratory, was also utilized to perform complementary high-resolution 

imaging at 300 kV operated in STEM mode with a 22.4 mrad convergence angle. 
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Atom Probe Tomography: The samples were prepared for APT and TEM analysis using an FEI 

Helios 600i DualBeam focused ion beam/scanning electron microscope (FIB/SEM. A final 2 kV 

cleaning step was used to reduce the damage to approximately the outer 2 nm of the sample. This 

was verifi ed by isolating the Ga regions that have monoisotopic 69 Ga used in the FIB source 

from the regions with the naturally occurring 69 Ga and 71 Ga isotopic ratios within APT 

reconstructions. The end radii of the specimens analyzed ranged from properties. 
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CHAPTER 5 GRAIN BOUNDARY NANOSCALE CHEMICAL VARIATIONS 

RELATED TO BAND STRUCTURE AND PERFORMANCE 

To be submitted to either Advanced Energy Materials of Physical Review X 

Adam Stokes1, Mowafak Al-Jassim2, David Diercks3, and Brian Gorman2 

5.1 Abstract 

A statistical analysis of chemical profiles at high-efficiency Cu(In,Ga)Se2 grain 

boundaries is presented. Of the 20 grain boundaries reported, all had alkali segregation, all are 

Cu-poor, 19 are In-rich, and 18 are Ga-poor. A quantitative analysis relating the highly accurate 

atom probe tomographic chemical profiles to band structure was conducted leading to expected 

potential offsets from the grain boundary to the grain interiors at the valence band maximum  and 

the conduction band minimum of -79±36 meV and -31±11 meV, respectively.  Na and K 

segregation is reported to have no correlation to reductions in n-type defects: In+GaCu and VSe. It 

is therefore assumed alkalis dope the grain boundaries and grain interiors n-type and p-type, 

respectively. A detailed grain boundary band diagram that shows band offsets, potentials, and 

potential fluctuations is also reported. 

5.2 Introduction: 

A considerable surge in research has been directed toward introducing renewable energy 

technologies to today’s energy marketplace. Natural power sources such as wind, biomass,  
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hydro, and solar constitute the most mature and viable renewable energy candidates [1]. The 

solar industry is currently made up of many different technologies that can be divided into two 

groups: Si-based wafers (polycrystalline, monocrystalline) and thin films, which currently 

occupy ~93% and ~7% of the market share, respectively [1]. Chalcopyrite and zinc-blende thin 

films (CdTe, CZTS, CIGS), along with perovskites technologies, have experienced large gains in 

record efficiency over the past four years [2]. Perovskite solar cells, although having increased 

the most in efficiency, have not yet entered the marketplace due to their reliability issues [3]. 

Recent laboratory record-efficiency CdTe and CIGS cells have both overcome those of poly-Si 

(43.9% of global annual production), which may be indicative of a larger market share in the 

future. Nevertheless, the efficiency gains have largely been empirically based, and a fundamental 

understanding of causes for the latest improvements is still lacking. Further improvements such 

as scalability, uniformity, and efficiency are most likely still accessible. Recent CIGS increases 

in efficiency have stemmed from adding K into the solar cell absorber [4]–[6]. Many recent 

works have concluded that an alkali post-deposition treatment leads to surface modifications 

responsible for the improved efficiencies [6]–[10]. However, the role of alkalis at grain 

boundaries as well as grain-boundary chemical character in general still need to be explored.  

The unique self-compensating properties at CIGS surface and grain boundaries may be a 

significant reason why the material is efficient and cost effective. Interestingly, monocrystalline 

record efficiencies for CIGS are less than those of polycrystalline CIGS. [11]. This goes against 

intuition, which assumes that a single crystal contains fewer defects than its polycrystalline 

counterpart and therefore has longer charge-carrier lifetimes due to less recombination, which 

lead to a higher cell efficiency. Perhaps the reason why poly-Cu(In,Ga)Se2 have such stellar 

performance is that their grain boundaries are either benign or beneficial. Or perhaps the defects 
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segregate to grain boundaries, and therefore, intra-grain crystallinity is purer than 

monocrystalline material. In this case, if the grain boundaries are passivated, the overall 

performance may be improved. One theory for over two decades is that the grain boundaries are 

naturally Cu-poor, which leads to a lower valence-band maximum (VBM) [12]–[16]. Because 

high-efficiency Cu(In,Ga)Se2 is a p-type semiconductor, a lowered VBM would be a hole barrier 

and would therefore block the holes from recombining with electrons at defect-rich grain 

boundaries. Various atom probe tomography and scanning transmission electron microscopy 

(STEM) energy dispersive X-ray spectroscopy (EDS)/electron energy loss spectroscopy (EELS) 

experiments have demonstrated that grain boundaries may be both Cu-poor and In-rich, as well 

as Cu-rich and In-poor [17]–[19]. This contribution will show that there is a wide variety of 

differences in chemistry at grain boundaries, and it will help to elucidate what type of potential 

barriers are a result. 

Furthermore, Na segregation—and recently, Na and K segregation for alkali-incorporated 

solar cells—has been revealed by atom probe tomography (APT) [12], [18]–[22]. However, a 

minimal number of grain boundaries have been analyzed and a statistical picture of the chemical 

variability is needed. The incorporation of Na has been correlated with large grain sizes and 

increases in p-type conductivity resulting in higher efficiency. Na has been theorized to assist in 

reducing n-type defects, InCu and/or VSe, thereby increasing the p-type conductivity and open-

circuit voltage (Voc) [23]–[26]. This letter will show no clear relationship of Na (K) to (In,Ga)Cu 

and VSe defect density, at least at the grain boundaries (GBs). 

A wide variety of electrical properties at GBs have been reported via Kelvin probe force 

microscopy (KPFM), electron beam induced current (EBIC), cathodoluminescence (CL), 

photoluminescence, and EELS. For example, various works have reported a change in work 
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function, from the grain interior to the grain boundary, ranging from +550 meV to -250 meV 

[27]–[31]. A “redshift” was observed at GBs via CL indicating a donor-acceptor-like transition, 

presumably (In,Ga)Cu and VCu. Furthermore, a “blueshift” was also observed with excitation at 

low temperatures indicating a reduction in potential fluctuations, which was theorized to be a 

result of high densities of donors and acceptors [29], [32], [33]. EBIC has also shown both 

increases and decreases of current collection at GBs [34], [35]. In this report, we will show a 

semi-statistical chemical study at the nanoscale for 20 GBs by means of APT. The chemistry at 

the GBs will be compared to their adjacent grain interiors and help explain some of the 

seemingly contradictory reports from many studies of electrical properties at grain boundaries. 

5.3 Description of Analysis 

All data discussed in the subsequent sections are taken from a 20.0%-efficient cell grown 

on a specialty glass that contains both K and Na. Table I summarizes the chemistry and 

performance. Ga/Ga+In (GGI) for the cell is 0.26, and Cu/In+Ga (CGI) is 0.94. The samples 

were prepared for APT and TEM analysis using an FEI Helios 600i DualBeam focused ion 

beam/scanning electron microscope (FIB/SEM) and FEI Nova NanoLab similar to the technique 

described in Ref. [36]. APT data were collected using a LEAP 4000X Si instrument 

manufactured by Cameca Instruments, Inc., using laser energy of 5 pJ, a base temperature of 40 

K, a detection rate of 1.5%, and a laser pulse rate of 500 kHz. Laser energy and base temperature 

were optimized to get equal evaporation rates of the constituent elements for an accurate 

chemical profile of the device that correlates well with X-ray fluorescence (XRF) measurements 

of high-efficiency CIGS. A Philips CM200 TEM was used to capture the specimens’ dimensions 

before APT using the hardware described in Ref. [37], which allowed for more accurate 3-D 

reconstructions.   
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Figure 5.1  Method of measurement of change in chemistry from the grain boundary to the grain 
interior (ΔΧ!") at grain boundaries. a) Overlay of transmission electron microscopy images of 
the specimen before and after atom probe analysis used to increase spatial resolution for APT 
reconstruction. Light (dark) region is image taken before (after) atom probe analysis. c) A 
cylindrical region of interest is used to enclose reconstructed ions for chemical analysis. The 
grain boundary is determined by K segregation shown in dark yellow. d) Average composition 
(at. %) of the first 6nm (4 slices) on both ends of the cylinder was calculated as a grain interior 
chemical reference. That value was then subtracted from the composition of each slice (1.5 nm 
thick along the central axis of the cylinder) leading to the grain boundary, which resulted in a 
relative change of chemistry (ΔΧ!") as a function of distance from the grain boundary to the 
grain interior. Errors: ±0.2 at. % Cu, ±0.1 at. % In, ±0.3 at. % Se, ±0.07 at % Ga, 0.04 at. ±% K, 
and ±0.03 at. % Na. 

Figure 1 demonstrates an example of chemical grain-boundary analysis discussed in 

subsequent sections. Figure 1a shows TEM images taken before and after atom probe analysis. 

The dimensions of the physical volume of atom probe analysis are measured and used to increase 

the accuracy of the reconstructed volume. For all APT specimens discussed in the subsequent 

sections, a TEM image was taken before but not always after atom probe analysis, depending on 

whether or not the specimens survived the atom probe run. An APT reconstruction containing a 
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GB is shown in Figure 1b. Parameters such as compression factor, ion density, efficiency rate, 

and cone-to-sphere ratios were adjusted so the GB in both the reconstruction and the TEM image 

correlated well. Mass spectra are background corrected and all peaks associated to known ions 

are binned at full-width hundredth max. Chemical profiles perpendicular to the GBs were then 

calculated. Alkali segregation defined where the GB was located and in most cases was verified 

by TEM diffraction contrast, and in other cases, the sample was either too thick or there was a 

triple-point GB making the outlines difficult to decipher due to the 2-D projection information 

collected in a TEM image. Only planar Na and/or K segregation qualified as a grain boundary. 

The GBs discussed in this study are assumed to be largely high-angle misorientation GBs with 

enough free volume for alkali segregation; they are most likely not twin boundaries because they 

have been shown to be benign and contain no alkali segregation [31]. There are intra-grain “rod-

like” defects also observed within the many specimens analyzed. Those types of defects will not 

be discussed further in this contribution. A good overview of line defects found in Cu(In,Ga)Se2 

can be found in Refs. [38], [39]. Figure 1c shows a cylindrical region of interest used to 

determine a chemical profile perpendicular to the GB. The cylinder is divided into 1.5-nm slices, 

which enclose many ions (~10K) used for statistical chemical analysis. The GB bisects the 

cylinder and the composition from the grain interior (either end of the cylinder) is compared to 

the composition at the GB. The average composition (at. %) of the first 6 nm (four slices) on 

both ends of the cylinder was calculated as a “grain-interior (GI)” chemical reference. That value 

was then subtracted from the composition of each slice (1.5 nm thick along the central axis of the 

cylinder) leading to the GB, which resulted in a relative change of chemistry as a function of 

distance from the GB to the GI. This relative change (at. %) will be defined as: ΔΧ!", where Χ is 

the chemical species (Cu, In, Ga, Se, Na, and K) where subscript BI represents boundary-to-
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interior. Much of the error with this analysis is eliminated due to the relative value where 

statistical errors were calculated to be: ±0.2 at. % Cu, ±0.1 at. % In, ±0.3 at. % Se, ±0.07 at % 

Ga, 0.04 at. ±% K, and ±0.03 at. % Na. Analysis was administered from both sides of the GB, 

which resulted in two separate ΔΧ!" values for each GB. Every GB analyzed was within 1 µm of 

the p-n junction verified by a TEM measurement of the distance from the molybdenum back 

contact to the reconstructed volume, which was, in all cases, greater than 1 µm.   

5.4 Results and Discussion 

5.4.1 Statistical ���� 

 

Figure 5.2  Statistical ΔΧ!". ΔΧ!" values of 20-grain boundaries were calculated as a relative 
change in chemistry from grain boundary to grain interior described in Figure 1. Errors: ±0.2 at. 
% Cu, ±0.1 at. % In, ±0.3 at. % Se, ±0.07 at % Ga, 0.04 at. ±% K, and ±0.03 at. % Na. 

Figure 2 shows ΔΧ!" for all elements from the twenty-grain boundaries and their adjacent 

grains. Each dash mark at the x-axis (twenty for each element) corresponds to a light grey 

vertical line and, represents the ΔΧ!" value for each grain boundary. There are two values for 

every vertical line indicating two ΔΧ!" values for both grains that “sandwich” a grain boundary. 

In many cases the two values are nearly identical, but in some cases they are notably different 
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which indicates the chemical variability from grain-to-adjacent-grain. All ΔΧ!" were Cu-poor, 

and the vast majority (In+Ga)-rich (39/40), which is most likely a result of many low-energy-of-

formation charge-neutral ordered defect pairs.  A negative value of ΔCu!" supports the theory of 

a decrease in the VBM resulting in a hole-barrier.[40]–[44] However, there is a wide-degree of 

ΔCu!" leading to a wide-degree of potential barrier height. For example, ΔCu!" ranges between -

0.4 to -7.5 at. %, ΔIn!" (-0.3 to +4.7), ΔGa!" (-1.7 to 1 at. %), ΔSe!" (-3 to +3), ΔNa!" (0.2 to 1.2 

at. %), and ΔK!" (0.5 to 2 at. %). From these data a good overall picture of how the chemistry 

changes at the grain boundaries and the amount of segregation of impurity atoms is presented. As 

electrons and holes approach the grain boundary they may experience a combination of different 

outcomes due to the variable local defect density, which will be discussed in the following 

sections. 

5.4.2 Band Structure 

Valence and conduction band offsets 

A well understood relationship between the ratio of Ga-content to the group III elements 

and band gap for Cu(In,Ga)Se2 is given by Equation 6.[45] The overall change in band gap due 

to Ga-incorporation is primarily due to the change in the conduction band minimum (CBM). 

Whereas, Cu-content is directly related to a shift in VBM since the Cu-d and Se-p anti-bonding 

hybridized states.[14] A drop in Cu results in a drop in VBM. We have previously shown a linear 

correlation to the Cu-off-stoichiometry to band gap and VBM offset by Equation 7. The 

individual contributions of the VBM and the CBM to the total band gap are given in Equations 8 

and 9, respectively. 

       Equation 5.1 
Eg (CIGS) = (1− x)Eg

CIS
+ xEg

CGS
− bx(1− x)
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       Equation 5.2 

 ������!"# �� = 1− � � �!
!"#

− �!
!"#

− � 1− � + (1− �)α(25− �!")      Equation 5.3 

       Equation 5.4 

Composition profiles for all twenty-grain boundaries in Figure 1 were used to calculate 

the CBM and VBM offsets from the grain interior to the grain boundary. Figure 3 shows a 

variety of VBM and CBM offsets, due to Cu and Ga-content respectively. The average potential 

offset for the VBM and CBM is -79±36 meV and -31±11 meV, respectively. Couzine et. al, 

reported a GGI reduction at the grain boundary and attributed it to InCu defect energy being lower 

than that of GaCu.[46] This contribution provides a quantitative statistical analysis and helps 

support their findings. Indium may be more likely to occupy the Cu site than Ga by realizing the 

Pauling’s rules. The ionic radii and coordination number of In are more similar to Cu than Ga to 

Cu. In addition, APT results show increases of Cu-content leads to increases in Ga-content most 

likely due to a high energy of formation antisite defect, GaCu. 

 

Figure 5.3  Valence band maximum (VBM) and conduction band minimum (CBM) potential 
offsets. Calculations were made by ���� and ������ values from twenty gain boundaries. 
Average values: -79±36 meV and -31±11 meV, for VBM and CBM respectively.  

Eg

total
= (1− x)Eg

CIS
+ xEg

CGS
− bx(1− x)+α (25 − XCu )

OffsetCBM (eV ) = βx Eg

CGS − Eg

CIS − b 1− x( ){ }+σα 25 − XCu( )
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The geometry of the VBM potential-barrier resembles a triangle where potential barriers 

increase as a function of proximity to grain boundaries and its width is related to its magnitude 

where higher barriers are wider. Grain boundary width varied from 3 to 7±1.5 nm depending on 

the degree of ΔΧ!". Volumes of alkali content greater than 0.2 at. % was picked to determine 

what constitute a grain boundary. However, caution must be taken in these measurements, as 

local distortions most likely exist due to the difference in evaporation from the grain interior to 

the grain boundary. A higher atomic density was measured indicating a higher field evaporation 

resulting in a reduction of spatial resolution.[47] Both the height and the width of the potential 

barrier are key parameters for recombination reduction due to thermo-ionic emission across the 

barrier and tunneling through the barrier. Taretto et. al. calculated the transmission probability as 

a function of both height and width of a square barrier.[48] They showed the barrier must have a 

minimum height of 300 meV and minimum of 3 nm width to impede enough recombination for a 

high efficiency device. Therefore 80 meV barrier at a charge neutral grain boundary may not be 

enough for optimal passivation.  

Alkalis and band structure 

A well-defined relationship of K and Na and band structure at grain boundaries and grain 

interiors still needs to be expanded upon. The lowest energy of formation substitional defect for 

K and Na is (K,Na)Cu for CIGS and (K,Na)VCu for the ordered vacancy compound of CIGS, 

which is predicted by hybrid-functional theory.[42], [49], [50] The possible existence of (KxCu(1-

x))(InyGa(1-y))Se2 and (NaxCu(1-x))(InyGa(1-y))Se2 alloys at the grain boundaries further convolutes 

the band structure. Since both Na and K are isovalent with Cu and possess no p-orbital, they may 

mimic that of a VCu.  However this assumption still needs to be explored. Since alkali 
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segregation at the grain boundaries is at most ~2 at. %, its contribution to the band structure may 

be minimal.  

 

 

Figure 5.4  Alkali relationship to n-type defects. a) Alkali segregation is compared to Δ(In+
Ga)!". A positive slope may indicate a correlation of alkali incorporation to a reduction of n-type 
defect, In+GaCu. However, no clear relationship is measured.  b) Alkali incorporation is 
compared to ΔSe!". A negative slope may indicate a correlation of alkali segregation to a 
reduction of n-type defect, VSe. Again, no clear relationship is measured. 

If Alkalis reside on Cu-sites then their contribution to charge carriers should be benign, 

yet their incorporation has long been shown to increases p-type conductivity [51], [52]  Long-

standing theories that describe the phenomenon relate the presence of alkalis to the reduction of 

n-type defect densities: (In,Ga)Cu or VSe.[25], [53]–[55] However, there has been little 
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experimental verification. Figures 4a and 4b plot the alkali content versus Δ(In+ Ga)!" and 

ΔSe!" at grain boundaries, respectively. An increase in Δ(In+ Ga)!" and a decrease in ΔSe!" are 

presumed to be a result of n-type defects: (In,Ga)Cu and VSe respectively. Therefore a positive 

(negative) slope of Δ(Na)!" and Δ(K)!" versus  Δ(In+ Ga)!" (ΔSe!") would result in a 

correlation of alkali concentration to a reduction of n-type defects. No such correlations are 

made. Furthermore, the inclusion of Na (K) may result in the opposite, an overall n-type doping 

if they sit on a Vcu defect from a charge neutral ordered defect pair. The work of Yan et. al 

reported KPFM measurements on poly-crystalline CIGS grown with and without alkalis. An 

increase in the work function (indicative of n-type doping) at grain boundaries was reported for 

the absorber grown with Na yet there was no measureable change at grain boundaries for the 

absorber grown without alkalis.[56] With Yan et al.’s work and no correlation made of alkali 

incorporation to a reduction of n-type defects (Figure 4), we propose that alkalis act as an n-type 

dopant at grain boundaries. Yuan et al. recently predicted that the diffusion of alkalis at the grain 

interiors is the reason why alkalis increase p-type conductivity. They show that the solubility 

limit of Na and K at grain interiors is increased with temperature resulting in larger quantities of 

NaCu (KCu) during growth. When the absorber cools, Na and K out-diffuse leaving a high density 

of Vcu’s. The alkalis are then rinsed away before the CdS chemical bath. This interesting new 

theory may by the missing link between the seemingly contradicting roles of alkalis at grain 

boundaries and enhanced p-type doping.  Alkalis are then presumed to increase the p-type 

doping at grain interiors and become n-type dopants at grain boundaries shown in Equations (5) 

and (6). Na(K) out-diffuse from the grain interior and occupy a VCu which leads to a p-type 

doping at the grain interior and an n-type doping at the grain boundary. 

 (��!)(��!��!!!)��!!"#$
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Fluctuating potentials and high degree of compensation 

Cu(In,Ga)Se2, a highly compensated semiconductor, has many more donor and acceptors 

(~1019) than free charge carriers (holes ~1017).[42] At high enough temperatures where the donor 

and acceptors are ionized, the net free carrier concentration is the difference between the number 

of donors and acceptors shown in Equation 1. This leaves many ionized defects and their electric 

fields cause a fluctuating potential on a charge carrier. Shklovskii and Efros et. al, and Dirnhorfer 

et. al, defined the relationship of the average potential fluctuations and ionized defects for highly 

doped semiconductors and Cu(In,Ga)Se2, respectively.[57],[58] From Figure 5.1, we predict the 

bands will fluctuate appreciably as a function of proximity to the grain boundary due to the 

increasingly large amount of compensation, i.e. many n-type point defects (InCu) and many p-

type defects (VCu). The average magnitude of potential fluctuations is given by Equation 2 where 

the defect density are assumed to be evenly distributed.[57], [58] Where R is the radius of the 

enclosed volume and Nt is the total density of charged ions (Equation 8).  

 �! = �! + �!            Equation 5.7 

 � � =
!
!

!!"!!

(!!!
!)!/!

!
       Equation 5.8 

Charge carriers will screen the ions and only be affected by ions within a radius related to 

charge carrier density and Nt defined by Equation 3. 

 �! =
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       Equation 5.9 
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Combining Equations (8) and (9) gives the potential fluctuation in terms of Nt and charge 

carrier density (ρ).  

 � �! =
!
!

!!"!!

!!
!/!

!!/!
       Equation 5.10 

Activation energies of defects will also be affected by the potential fluctuations. Podor et. 

al, showed that the energy to ionize a defect decreases as a function of the magnitude of potential 

fluctuations as defined by Equation 10.[59] 

 �! = �! − ��!
!/!       Equation 5.7 

Based on Figure 5.1 the degree of compensation at the grain boundary may be extreme, 

where the high density of VCu and In,GaCu defects (Nt≈1021)	are present. In this case, donors and 

accepts would be at the band edges. Further fundamental analysis is needed to relate increase in 

potential fluctuations at the grain boundaries compared to grain interiors to overall cell 

performance. 

5.5 EBIC, CL, and KPFM discussion 

We have shown a complex band structure resulting from the variable chemistry shown in 

the preceding sections. We will now briefly discuss the possible reasons for why electrical 

properties measured by EBIC are also variable. EBIC is taken at short circuit conditions and 

contrast is determined by current collection. Light (dark) regions, which correlate to high (low) 

current collections, could be a result from increased (decreased) charge separation and leading to 

a high (low) probability of carriers reaching the contacts. A grain boundary with a large n-type 

doping (significant K and Na content?) would lead to a large potential and efficient charge 

collection. A grain boundary with a small potential could lead to inefficient charge separation 
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and high recombination centers. Also, a charge neutral grain boundary which contains many 

ODP’s resulting in a offset at the VBM in conjunction with a potential due to n-type doping 

would lead to even greater efficiency in charge separation but would generate fewer electron-

hole pairs generated from the electron beam due to its larger band gap. Clearly, there is a wide-

variety of band profiles that lead to variable current collection at grain boundaries. Many works 

report a red shift at grain boundaries measured by cathodoluminescence.  

 

Figure 5.5  Grain boundary band profiles. Grain boundary A (B) refers to a large (small) ΔX!".  
Grain boundary A has a larger potential barrier to holes at the valence band minimum. All grain 
boundaries are presumed to be doped n-type from alkali incorporation where both have a positive 
potential. Grain boundary A also exhibits larger potential fluctuations due to increased 
compensation.  

The degree of red shift will be highly variable as a the DAP transitions depend on VCu 

and In+GaCu defect densities. As shown in Figure 5.2, the defect densities vary by more than and 

order of magnitude. The potential fluctuations also vary according to defect densities and 

therefore would lead to variable degrees in red shifts as the donor and acceptor activation 

energies will also vary (Equations 7, 8, and 11). A wide-variety of grain boundary potentials are 
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shown in many KPFM studies. A possible explanation is the alkali concentration is presumed to 

be an n-type dopant. Since the alkali concentration also varies (Figure 5.2) then the potential 

should also vary.  

5.6  Conclusion 

This contribution explored how relative chemical changes from the grain interiors to 

grain boundaries Δ(X)!" relate to the band structure of CIGS solar cells. Highly accurate 

chemical profiles show large chemical variability, which lead to different band profiles. Figure 

5.5 provides a summary of our findings which demonstrates the band structure two types of grain 

boundaries with small and large  ΔX!". Most grain boundaries measured are Cu and Ga-poor, and 

In-rich resulting in negative potentials shifts at the VBM and CBM. All grain boundaries 

analyzed had alkali segregation which is presumed to lead to n-type doping resulting in a 

positive potential. Five main conclusions are made: 1. Grain boundary chemistry is highly 

variable resulting in a wide-distribution of potential barriers at the VBM (-10  to -160 meV) and 

CBM (-20 to -70 meV), 2. Na and K segregation is not correlated to hampering donors: In,GaCu 

and VSe, 3. Na and K are predicted to be an n-type dopant at grain boundaries, 4. Potential 

fluctuations increase as a function of proximity to the grain boundary due to increases in 

compensation, which leads to reductions in donor and acceptor activation energies, 5. The 

previous 4 conclusions provide an explanation for electrical property variations seen in EBIC, 

CL and KPFM.  
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5.7 Experimental Section 

Growth Process: 3-Stage Growth:  

CIGS solar cells were prepared on high-temperature specialty glass, coated with sputtered 

molybdenum to serve as a back contact to the device. The CIGS absorber layer was deposited via 

a three-stage co-evaporation process described elsewhere with modifications to controllably 

change the bandgap (Ga) profile.[60]–[62] The substrate temperature during the second stage, 

≈615 °C, was measured with a thermocouple placed on the backside of the glass. The devices 

were then allowed to cool and removed from the vacuum chamber. All absorbers were then 

finished into devices using the standard layers CdS and ZnO bi-layer described by Contreas et 

al.[60] 

Transmission electron microscopy and atom probe sample preparation:  

The samples were prepared for APT and TEM analysis using an FEI Helios 600i 

DualBeam focused ion beam/scanning electron microscope (FIB/SEM. A fi nal 2 kV cleaning 

step was used to reduce the damage to approximately the outer 2 nm of the sample. This was 

verifi ed by isolating the Ga regions that have monoisotopic  69 Ga used in the FIB source from 

the regions with the naturally occurring 69 Ga and 71 Ga isotopic ratios within APT 

reconstructions. The end radii of the specimens analyzed ranged from 50–100 nm. APT data 

were collected using a LEAP 4000 Si instrument manufactured by Cameca Instruments, Inc. A 

laser energy of 5 pJ at a base temperature of 40 K with a detection rate of 0.5%, and a laser pulse 

rate of 250 kHz was used. The Laser energy and base temperature were optimized to get equal 

evaporation rates of the constituent elements for an accurate chemistry profi le of the sample that 

well represents the stoichiometry of CIGS. A Philips CM200 TEM was used to capture the 
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sample specimens’ dimensions before and after APT using the hardware described in Thompson 

et al. and Gorman et al..[36], [37], [63] This procedure allowed for more accurate 3D 

reconstructions.  
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CHAPTER 6  TARGETING GRAIN BOUNDARIES FOR STRUCTURAL AND 

CHEMICAL ANALYSIS USING CORRELATIVE EBSD, TEM AND APT 

Published in Microscopy and Microanalysis, 2015 

Adam Stokes1, Mowafak Al-Jassim2, Dave Diercks3, Brian Egaas3, and Brian Gorman2 

 

6.1 Abstract 

A brief overview of a characterization method used to correlate grain boundary character 

to alkali segregation is presented. The characterization method is designed to relate defect 

chemistry to grain and grain boundary structure. However, due to the highly complex nature of 

grain boundaries statistical analysis is most likely needed to make robust correlations.  

6.2 Introduction 

Polycrystalline Cu(In,Ga)Se2 (CIGS) thin-film solar cells have achieved a record 

efficiency of 21.7%, making them the most efficient thin-film photovoltaic device [1]. Despite 

the excellent efficiencies demonstrated by the technology, the overall picture of the composition 

related to structure at surfaces and grain boundaries (GB’s) still remains ambiguous. Great 

efforts have been devoted towards nanoscale chemical characterization of Cu(In,Ga)Se2 thin film 

solar cells using atom probe tomography [2] but little correlative work has been done 

highlighting structure and chemistry. This contribution will discuss a novel technique used to 

target GB’s and relatetheir structure to chemistry at the nanoscale. We used this technique to 

select from roughly 20 GB’s with known misorientations, extracted from electron backscattered 
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diffraction (EBSD) micrographs, and then chemically analyzed them in 3-D using atom probe 

tomography (APT). This technique may also be used for many different types of materials. 

6.3  Experimental  

The Cu(In,Ga)Se2 layer was grown on a Mo-coated glass using a modified three-stage 

process at the National Renewable Energy Laboratory.  The samples were prepared for EBSD, 

APT, and transmission electron microscopy (TEM) analysis using an FEI Helios 600i DualBeam 

focused ion beam / scanning electron microscope (FIB/SEM). A cross-section of Cu(In,Ga)Se2 

was prepared using the FIB, lifted out using an Omniprobe 200 nanomanipulator, and placed on 

a TEM grid (see 71 left).  A face of the sample was cleaned using a 2 kV ion beam energy to 

reduce damage and smooth the surface for EBSD analysis.  Since EBSD is a surface analysis, the 

low-kilovolt clean is essential to remove enough of the amorphous layer in order to get crystal 

orientation. An EBSD map was created with dimensions ~2.5 um x 2.5 um (see Figure 1 middle) 

on that same face of the sample. From the EBSD inverse-pole-figure (IPF) image (See Figure 1 

right), a region-of-interest (ROI) was identified for APT analysis with desired GB characteristics.  

Next, the volume around the ROI was carefully FIB-milled, leaving a needle shaped volume 

containing the ROI (see Figure 2).  A Philips CM200 TEM was used to capture the specimen’s 

dimensions before and after APT using similar technique as Ref. [4], which allowed for more 

accurate 3D reconstructions. This was a very important step used to match the GB’s found in the 

TEM image to the GB’s found in the IPF from EBSD (See Figure 3) A final 2 kV cleaning was 

used to reduce the damage to approximately the outer 2 nm of the sample. APT data were 

collected using a LEAP 4000X Si instrument manufactured by Cameca Instruments, Inc. using 

laser energy of 5 pJ, a base temperature of 40K, a detection rate of 0.5%, and a laser pulse rate of 

250kHz.  Laser energy and base temperature were previously optimized to get equal evaporation 
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rates of the constituent elements for a chemistry profile of the device that well represents the 

known stoichiometry of CIGS. 

6.4 Results and discussion 

 Figure 6.1 shows a schematic the FIB process for the technique. Figure 6.1 a) shows the 

low-kilovolt cleaned cross section of the specimen. The desired grain boundary or grain is 

identified (Figure 6.1b) by the EBSD map and the remaining volume is milled away leaving the 

desired section of the material in a needle shape with a diameter of ~100 nm (6.1b-h).  Figure 6.2 

(top) shows the length scales from the original “liftout” to the reconstructed APT volume. Figure 

6.2a shows a volume 3 x 5 x 2 which contains many grains is placed on a TEM half-grid. An 

image quality map of the scanned cross section of the sample is shown in 6.2b. The EBSD map 

is used to find a desired grain boundary, or a triple point grain boundary in this case (c). Impurity 

segregation, shown by K and Na isosurfaces, and change in matrix concentrations may now be 

correlated to GB’s misorientation bottom.  

 

Figure 6.1  SEM micrographs of FIB procedure. a) Sample on TEM grid as in Figure 1. b) Top 
view: Desired grain boundary is beneath the red ring. c-h) Micrographs showing step-by-step 
FIB procedure of milling material away material except region-of-interest for APT analysis. 



 

 
90 

 

 
 

Figure 6.2  Left: Section of sample (blue box) sitting on TEM grid used for APT. Middle: SEM 
image of sample. White dashed line indicates the CIGS cross-section; the region of interest. 
Right: IPF of same cross-section. GB’s with desired characteristics are chosen for APT analysis. 

Another example of the correlative technique with the addition of TEM analysis is shown 

in Figure 6.3. The step are identical as described from Figure 6.2 but a TEM step is added 

between EBSD and APT analysis. This is key to verify the desired grain boundaries correlate 

well with all the other microscopy analysis. This technique be used to provide intra-grain 

solubility limits of impurities versus grain orientation. For example, CIGS has long been shown 

to increase p-type conductivity by means of alkali incorporation (See Chapter 5). A recent study 
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suggests this phenomenon is a result of alkali out-diffusion as the grains cool after growth. 

Orientations of grain may produce variable solubility limits of alkalis and therefor the p-type 

conductivity would vary accordingly. The technique proposed in this contribution may assist in 

providing proof of this recent theory. Atom probe is capable of discovering solubility limits in 

excess of tens parts-per-million, which is indeed the case for Na in CIGS solar cells. By utilizing 

this characterization technique, one may correlate solubility of Na to grain orientation. 

  

 

Figure 6.2  a) Image quality map from EBSD scan. b) TEM bright field image of atom probe tip 
taken from black dotted region that match GB’s in both the SEM EBSD micrograph to the TEM 
bright field image. c) Atom probe reconstruction showing the same grain boundary from TEM 
image and EBSD micrograph. d) Chemical profile of desire GB. 

 

 

 

a) 
b) c) d) 

2 µm 



 

 
92 

CHAPTER 7  CONCLUSIONS 

7.1 General Discussion 

Chapter 2: A high density of point defects was shown to be responsible for a Cu-poor In-

rich stoichiometry in high-efficiency bulk CIGS. The large fluctuations in chemistry lie on the 

OVC tie-line where no discrete OVC chemistry was observed, but rather a continuous transition 

of Cu-poor phases to the traditional 112 phase (Cu(In,Ga)Se2). The band structure can begin to 

be analyzed since the point defects have been characterized and quantified at the nanoscale. 

More generally, this new method has demonstrated the ability to use APT data for determining 

point defect densities at the nanoscale.  

Due to the highly localized nature of the composition changes shown in this study, it is 

not surprising that other techniques have not measured OVC phases in the bulk of CIGS. 

Characterization techniques such as XRF, XPS, and SIMS, which have been used to examine 

CIGS, have a much larger sample volume than APT. As a result, the concentration profiles 

acquired are a statistical average of nano-domains and thereby do not capture the highly variable 

local chemistry. Moreover, the data were used to calculate quantitative point defect densities for 

CIGS at the nanoscale for a first time.  

Chapter 3: We compared chemistry profiles at the metallurgical junction characterized at 

the nanoscale for two solar cells with different growth techniques of alkali incorporation. Both 

demonstrated highly variable chemical profiles. The heated substrate sample showed 

significantly more K (0.5–1.7 at. %) at the interface than the KF-PDT specimen (0–0.4 at. %). 

Literature data were used to determine the independent contributions of the Ga and Cu-contents 

on the VBM, CBM, and overall bandgap. Nanoscale quantification of the VBM, CBM, and 
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bandgap at and near the metallurgical junction was calculated for all eight specimens (four for 

each sample) by independently summing the contributions of Ga content and Cu deficiency. The 

heated-substrate sample had significant drops of the VBM in three of four specimens whereas 

only one of four of the KF-PDT samples had a significant VBM drop off, which is directly 

related to K content and Cu-poor stoichiometry. The drop in VBM may explain the increase in 

Voc. 

Chapter 4: A systematic experimental investigation of the structure, chemistry, and 

electro-optical properties of alkali-treated polycrystalline CIGS was reported. The goal was to 

understand the relationships between CdS/CIGS interface chemical, structural, and electrical 

characteristics, and device properties in polycrystalline photovoltaics as they pertain to KF PDT 

of CIGS. Our results demonstrate that KF-treated polycrystalline CIGS shows differences in the 

chemical and layer profiles that subsequently drive device performance. KF treatment leads to 

changes in compositional profiles at interfaces and ultimately surface-passivation.  

Chapter 5: This contribution explored how relative chemical changes from the grain 

interiors to grain boundaries Δ(X)!" relate to the band structure of CIGS solar cells. Highly 

accurate chemical profiles show large chemical variability, which lead to different band profiles. 

Most grain boundaries measured are Cu and Ga-poor, and In-rich resulting in negative potentials 

shifts at the VBM and CBM. All grain boundaries analyzed had alkali segregation which is 

presumed to lead to n-type doping resulting in a positive potential. Five main conclusions are 

made: 1. Grain boundary chemistry is highly variable resulting in a wide-distribution of potential 

barriers at the VBM (-10  to -160 meV) and CBM (-20 to -70 meV), 2. Na and K segregation is 

not correlated to obstructing donors: In,GaCu and VSe, 3. Na and K are predicted to be an n-type 

dopant at grain boundaries, 4. Potential fluctuations increase as a function of proximity to the 
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grain boundary due to increases in compensation, which leads to reductions in donor and 

acceptor activation energies, 5. The previous 4 conclusions provide an explanation for electrical 

property variations seen in EBIC, CL, and KPFM. A defect equation is presented to explain both 

p-type conductivity at grain interiors and n-type doping at grain boundaries. 

Chapter 6: A method for correlative microscopy was presented allowing for correlations 

of GB chemistry and GB structure. Additionally, this method may also be used to correlate 

impurity solubilities (if they exceed tens of parts-per-million) to grain orientations. 

7.2 Recommendations For Future Work 

A plethora of work may be useful and complementary to this thesis. To begin with, a 

comparative study of grain boundary chemistry of traditionally grown CIGS cells (i.e. no post-

deposition treatment) and cells grown with KF(Na)-PDT is needed for the community. Grain 

boundary chemistry and electrical properties may change based on different ways of alkali 

incorporation. 

Furthermore, an update to the potential barrier model at GBs based on this work would be 

beneficial for the community. Theoretical potential barriers at the VBM—a result from the Cu-

poor content described in Chapter 5—are predicted to be in the form of a square well. Whereas 

the chemical profiles at the grain boundaries presented in this thesis suggest a “triangular-shape” 

instead of “square-shape” well. The update to the model will help accurately predict the 

tunneling probability as well as the thermal ionic emission. In addition, we also show a drop in 

the CBM at the grain boundaries—due to reduction in Ga/Ga+In, which results in an e- -“sink”—

which also needs to be added to the theoretical model to help predict recombination.  

Correlative microscopy at grain boundaries has proven fruitful for this work and further 
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work in this field would also reward the community. For example, a correlation of theoretical 

potential barriers to chemistry and current collection using EBIC/CL guided APT analysis would 

be a good place to start. I suggest first by comparing regions of high and low current collection 

to chemistry. Most likely, the variability of GB chemistry is related to GB structure. 

Transmission Kikuchi diffraction or ASTAR TEM correlated with APT may help elucidate these 

relationships. Chapter 6 is designed to help with this type of analysis as well.  

As mentioned in Chapter 5, the band structure varies with chemistry. The use of 

correlative techniques that capture a change in band gap energy with chemistry would lead to 

further basic understanding of GBs and their role to the device performance, as well as, 

complement the work presented in this thesis. For example, electron holography and electron 

energy loss spectroscopy (need monochromatic source and aberration corrected microscope)—

both of which are capable of characterizing shifts in band energy—may be correlated with GB 

chemistry by means of STEM EDS and APT.

 


