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ABSTRACT: K, Rb, and Cs improve Cu(In,Ga)Se, (CIGS) solar
cell performance, but the mechanism remains unclear. Here we use
air-free transfer of multiple samples to study KF post-deposition
treatments (PDTs) by X-ray photoelectron spectroscopy. The KF
PDTs do not change the majority carrier concentration or Cd in-
diffusion, but they boost efficiency by 6.1% absolute, improve
minority carrier lifetime, and shift the surface valence band further
from the Fermi energy. Unlike former reports, the valence-band
shift is not a result of lower Cu/(Ga+In) or higher K/(K+Cu)
composition ratios. We propose that instead, KF PDTs alter the
surface valence-band alignment through a reconstructive phase
transformation from chalcopyrite CIGS to K,Culn;Se4 or KInSe,,
which have layered structures. These compounds can leave Cu-free
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cation planes after K is rinsed away, unlike the structure of chalcopyrite CIGS or Culn;Ses.
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B INTRODUCTION

Since 2013, the introduction of K, Rb, or Cs has advanced the
photovoltaic (PV) conversion efficiency of Cu(In,Ga)(Se,S),
(CIGS) from 20.3 to 23.4%. Eight of the last ten world record
cells used KF,'™* RbF,”° or CsF.”® In the decades prior to
that, the role of Na in CIGS devices was well studied,” ™" but
from the outset,' KF, RbF, and CsF postdeposition treatments
(PDTs) exhibited effects that are a departure from Na. In
particular, alkali fluorides react with the CIGS surface, altering
its chemical composition. KInSe,, RbInSe,, and CsInSe, have
two-dimensional (2D) monoclinic structures and are more
stable than NalnSe,, the latter of which has the three-
dimensional (3D) chalcopyrite structure.'” RbInSe, and
CsInSe, were both directly observed at the surface of CIGS
absorbers in efficient devices,">™'° and form a 3D/2D
chalcopyrite/monoclinic interface hypothesized to passivate
dangling bonds."” Although it has not been directly observed,
extensive indirect evidence was compiled that indicates KInSe,
also passivates high efficiency CIGS."*™*°

First-principles calculations predict that K and Rb are too
large to incorporate into CIGS grains, making their defect
formation energies infeasibly high.'>*'~>* On the other hand,
K has been directly observed within Cu-poor CulnSe, grains*®
and within epitaxial CIGS crystals.””** Rb was also found to
diffuse into CIGS grains.”” Therefore, the experimental
evidence still holds that grain interior, grain boundary and
interface effects should be considered to understand K and
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Rb,* although no evidence of Cs on grain interiors has been
reported yet. We note that theory' ”*® and experiment”’
qualitatively agree that Cu-poor compositions facilitate the
incorporation and diffusion of heavy alkali metals relative to
Cu-rich material.

In light of the complex effects of the heavy alkali metals,
many investigations have sought to characterize the surface
composition and band alignment of KF-, RbF-, and CsF-
treated CIGS using X-ray photoelectron spectroscopy (XPS)
and related techniques. After a KF PDT, as deposited surfaces
typically exhibit reduced Cu content,” ~** although no change
to Cu has been reported.”” These surfaces simultaneously
show decreased Ga>"*>37 or increased In,*' but increased Ga*>*
and decreased In*® have also been observed. Even samples that
receive K before or during absorber growth have less Cu***' or
more In** on their as deposited surfaces. Since the majority of
absorbers undergo chemical bath deposition (CBD) of CdS or
Zn(0,S,0H) buffers, a more device-relevant surface is
prepared by rinsing the CIGS in NH; or deionized (DI)
water before characterization. Rinsed surfaces also reveal that
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KF PDTs reduce Cu,'*¥*73! reduce Ga,****! and
increase In,*>* although no effect on Cu,*” increased
Cu,*”* and increased Ga*™ have been reported. Similarly,
Ar" sputter-cleaning the CIGS surface shows that KF PDTs
decrease Cu,°*™>° decrease Ga,*° and increase In,>* but
increased Ga>* was also reported. Bringing the CIGS surface
one step closer to its state in the final device, researchers have
also dipped samples in Cd** solutions or deposited thin
buffers, after which the KF PDT samples had decreased
Cu,>*® decreased Ga,””® and increased Cd.*”*”°% In
summary, despite variations in findings that may stem from
metal halide, oxide, and hydroxide formation and dissolution,
K has a chemical affinity for In that causes KF PDTs to reduce
surface Cu and Ga content.

Concomitant with these compositional alterations, rinsed
CIGS surfaces show valence band energies (relative to the
Fermi energy; Ex — Eyg) after KF PDTs that are changed by
—0.12 eV to —1.15 eV (Table 1). Ex situ KF PDTs and adding

Table 1. Literature Surface Band Energy Shifts Associated
with KF, RbF, and CsF PDTs

Ecp shift E, shift

process Eyg shift (eV) (eV) feV) ref
KF PDT -0.37 =0
—0.12 to —0.15 o7
—0.60 +0.39 +0.99 18
—0.16 +0.25 +0.41 9
—-1.15 —0.06 +1.09 8
—0.19 o8
—0.18 i
—0.17 —0.14 —0.03 st
—0.57 —-0.03 +0.54 0
KI PDT —0.18 56
ex situ KF PDT +0.48 to +1.36 i
KF during +0.15 #

selenization

RbE PDT —0.17 —0.12 +0.05 70
—0.16 to —0.26 7
—0.30 —-0.25 +0.05 0

CsF PDT —0.10 to —0.25 7273

KF during selenization can lead to increased valence band
energy, but decreased valence band energy is the prevailing
observation. The conduction band energy (relative to the
Fermi energy; Ecy — Ep) associated with KF is altered by
—0.06 eV to +0.39 eV (Table 1). These conduction band
changes with KF PDTs were associated with surface band gap
widening from 1.69 to 2.68 eV,"® from 1.82 to 2.23 eV,*’ from
1.46 to 2.00 eV,*" and from 1.30 to 2.39 eV,* (E, = Ecp —
Eyg). Compounds with relevant band gaps include KInSe, with
2.68 €V,°" K,Inp,Se;y with 2.25 eV,** K4, Cugs;InSe, (or
K,Culn,Sey) with 1.60 to 1.72 eV, 7% K, (,Cu,;;GaSe, with
1.72 €V,%® and Klng4;Gags,Se, with 2.77 eV.°° In summary,
KF PDTs reduce the surface valence band energy and are
usually associated with band gap widening, but attributing
these changes to a single K-containing compound is difficult,
particularly since K is not always detected on the surface.***">

RbF PDTs generally exhibit analogous behavior to K: Cu is
reduced,”””*™** Ga is reduced,”’*”>777%* and In is
increased,”*”? although unchanged Ga,”® increased Ga,*”®!
and decreased In"” have been found. RbF PDTs are associated
with valence band energy changes of —0.16 eV to —0.30 eV
(Table 1). The conduction band energy resulting from an RbF

PDT changed by —0.12 eV to —0.25 eV, corresponding to
band gap widening from 1.46 to 1.51 eV.°>’? CsF PDTs also
reduce Cu,”*”>7%% reduce Ga,”*”>”® and alter Eyp by —0.1 to
—0.25 eV (Table 1). In summary, KF, RbF and CsF all exhibit
analogous behavior by reducing surface Cu, Ga, and valence
band energy, but results are consistently inconsistent.

In this study, we utilize air-free transfer methods to
characterize the effects of KF PDTs. We study multiple
samples to improve the statistical robustness of the results. Our
KF PDTs boost efficiency by 6.1% absolute. The data suggest
that this improvement is dominated by a reduction in
recombination and surface valence band, but the valence
band reduction occurs in the absence of changes to surface Cu
or K composition. To explain this and other confounding
literature results, we propose that KF PDTSs reconstruct CIGS
surfaces, forming weakly bound Cu-free planes that persist in
reducing the valence band even after K is rinsed away.

B EXPERIMENTAL SECTION

We coat soda-lime glass (SLG) substrates with 800 nm of DC
sputtered Mo. We then load 3 in. X 3 in. substrates into a cluster tool
with a co-evaporation growth chamber with Cu, In, Ga, and KF
effusion sources, along with a valved tank source for Se. We grow
baseline CIGS absorbers with ~2.7 ym thickness by three-stage co-
evaporation at 575 °C. The KF PDT consists of cooling the substrate
to 380 °C and evaporating KF at 0.1 nm/s (source at 660 °C) for 7.5
min with Se overpressure. Next, we robotically transfer the samples
under vacuum into a mobile pod attachment, after which they are
vented to an N, atmosphere and diced into pieces in a glovebox with
<0.1 ppm of H,O and O,. For characterization of the “as deposited”
surfaces, we load pieces into a Physical Electronics Phi 5000
VersaProbe III system for XPS and low-energy inverse photoemission
spectroscopy (LEIPS) without air exposure. High-resolution XPS
spectra are acquired at 26 eV pass energy, with X-ray anode power =
24.5 W, and rastered analysis areas of (100 um)2. LEIPS
measurements are performed with low-energy electron excitation
(10 eV incident energy, 3 yA beam current) and emitted photons are
passed through a bandpass filter (central wavelength = 250 nm, width
= 20 nm). Some samples’ In core levels shifted when the LEIPS
working bias was applied, so we subtract that shift from the as-
measured LEIPS binding energies. Next, we expose these same pieces
to air for 15 min and load them back into the XPS chamber. Finally,
we rinse these pieces in a 3% (w/w) aqueous NHj solution for 4 min
in a jacketed beaker with water circulating at 65 °C, followed by
directly immersing in deionized (DI) water. We then transfer the
immersed samples into a glovebox, blow them dry with N,, and load
them back into the XPS chamber without air exposure.

We cut separate pieces from these samples to fabricate solar cells by
using the same NH; rinse procedure, followed by CBD of ~50 nm
CdS, RF sputtering of 90 nm i-ZnO, 120 nm Al:ZnO, evaporation of
Ni/Al grids, and isolation of 0.42 cm? cells by photolithography and
etching. We perform current density—voltage (JV) measurements on
a temperature-controlled stage set to 25 °C under xenon bulb
illumination calibrated to 1 sun AM1.5G with a standard Si solar cell.
We measure capacitance—voltage (CV) at room temperature in the
dark at 10 kHz and 50 mV AC voltage, with DC bias swept from +0.6
V to —1.5 V, and calculate carrier concentration assuming a dielectric
constant of 13.6.

We confirm overall absorber composition to have Cu/(Ga+In) ~
0.85 and Ga/(Ga+In) ~ 0.3 by X-ray fluorescence. We perform
secondary ion mass spectrometry (SIMS) on device stacks using Cs*
ions to validate that the relative Cu, Ga and In composition profiles
are consistent for all six samples grown in this study. The SIMS data
are scaled so that all samples’ ZnO thicknesses match. We additionally
measure absolute Na and K composition profiles by SIMS using
calibration standards. We perform time-resolved photoluminescence
(TRPL) on bare absorbers at 1 MHz with a S0 ym spot size and a 670
nm laser at 6.9 - 10'7 photons cm™ s~ (205 nJ cm™ per pulse). We
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Table 2. Sample Designation, Mean Efficiency, Open-Circuit Voltage (Vc), Short-Circuit Current Density (Jsc), Fill Factor
(FF), Carrier Concentration from CV, Integral Absorber Na and K Concentration from SIMS, Long Component of the

Minority Carrier Lifetime (7,) from TRPL, NH; Rinsed Valence Band Energy Relative to Fermi Energy (Er — Eyg) from XPS,
NH; Rinsed Conduction Band Energy Relative to Fermi Energy (Ec — Eg) from LEIPS, and NH; Rinsed Band Gap (E,) from

LEIPS and XPS“

Vaoc Jsc p (x 10%
sample  eff. (%) (mV) (mA/cm?)  FF (%) cm™3)
Base-l  99(7)  603(15)  348(7)  47.3(25) 8.1(12)
Base2  72(16)  555(8)  31.6(21)  40.6(71) 4.0(3)
Base3  6.3(6) 631(2)  25.6(47)  39.8(37) 8.5(6)
KE-1 133(3) 614(3)  35.1(2)  61.6(8) 10.4(5)
KE2  13.6(7) 619(5)  34.1(5)  64.2(23) 4.8(2)
KE3  14.6(4) 602(7)  353(1)  68.7(10) 44(2)
Alll) 77(18)  597(34)  30.4(49)  423(58) 6.8(22)
AIKF  138(7) 612(9)  347(6)  64.9(32) 6.6(29)

“Standard deviations are in parentheses.

Na (x 10'® K (x 10" Ex —Ey  Ecy — Eg

cm ™) cm™3) 7, (ns) (eV) (eV) E, (eV)
9.6 13 36 —0.31 131 1.62
11 1.5 25 —0.22 1.40 1.62

7.3 14 59 —0.26 1.52 1.78

5.7 13 79 —0.36 1.52 1.88

6.0 12 58 —0.35 1.32 1.67

6.8 11 73 -0.27 131 1.58
9.2(17) 1.4(1) 40(16) —0.26(5) 1.41(11) 1.67(9)
6.2(6) 12(1) 70(10) —0.33(5) 1.38(12) 1.71(15)

measure TRPL at multiple locations for each sample to verify
uniformity and fit the data to biexponential functions to extract short
and long lifetimes (7; and 7,, respectively).

B RESULTS

To ensure that the results for this study are reproducible, we
grow three baseline and three KF PDT films. Table 2 has a
summary of the PV parameters for each, showing that the KF
PDT increases efficiency by 79%, relative to the baselines,
which is dominated by a 53% fill factor boost. The cluster tool
growth chamber produces lower efficiency CIGS than NREL’s
other co-evaporation systems, possibly because of its Se
source-to-substrate distance, which is 3X further and limits Se
flux. SIMS confirms that KF PDTs increase the integral
absorber K concentration from 1.5 X 10" cm™ to 1.8 X 10"
cm™>. The KF PDT is also associated with a slight decrease in
Na by SIMS. The carrier concentration by CV for all samples is
similar, indicating that unlike Na, K’s beneficial effects do not
stem from its role as a p-type dopant.

The samples all have similar looking TRPL data (Figure 1).
Fitting the TRPL data to biexponential functions yields similar

10* 7 T T T T T T T T

Base-1
o Base-2

PL intensity (counts)

102 T T T T T T T T T
0 10 20 30 40 50

Time (ns)

Figure 1. TRPL for the 6 samples in this study: Base-1 (light gray),
Base-2 (gray), Base-3 (black), KF-1 (light pink), KF-2 (pink), and
KF-3 (dark pink). The KF samples mostly have moderately superior
lifetimes.
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short components of the minority carrier lifetimes (7)):
0.42(10) and 0.48(7) ns for the baseline and KF PDT
samples, respectively. On the other hand, Table 2 shows that
the long component of the lifetime (7,) improves by 75% for
the KF PDT samples. Although traps and band gap gradients
convolute the TRPL data, a straightforward interpretation is
that KF PDTs reduce non-radiative recombination in the bulk
absorber. On the other hand, the Base-3 sample has a 7, of 59
ns and 6.3% efficiency, while the KF-2 sample has a 7, of 58 ns
and 13.6% efficiency. Simulations using the baseline graded
CIGS device model that comes bundled with wxAMPS version
29" require a 10X increase in bulk electron lifetime (from 0.5
to S ns) in order to boost efficiency from 7.7 to 15.5%. Since
experiments achieved a comparable efficiency increase with
only 1.75X higher lifetimes, we conclude that for this study, KF
PDT bulk passivation is not the primary mechanism of PV
performance enhancement.

Since the KF PDT advances efficiency, but not through
doping or bulk passivation, we characterize the CIGS surfaces
with XPS. We perform XPS before the absorbers are exposed
to air, after they are exposed to air, and after an NHj rinse.
Figure 2a shows that the vacuum transfer process leads to
negligible oxidation of the surfaces and that the NH; rinse
successfully removes the oxides that form after air exposure.
Figure 2b shows that the as deposited and air exposed KF PDT
samples have fluoride compounds (Ga—F, Na—F, and K—F)
that must be rinsed away (along with the oxides) for band
energy data to be attributable to the device-relevant semi-
conductors. Figure 2c shows that the NH; rinse also tends to
reduce K to below the detection limit for XPS, although SIMS
on devices shows that 0.1—0.3% (v/v) K is retained at the
CIGS/CdS interface. Figure 2d shows that the baseline
samples have Na on their surfaces, and the KF PDT samples
have increased Na.

We examine the NH; rinsed XPS data in more detail in
Figure 3 and find that Base-1 has slightly less Cu and KF-2 has
significantly less Cu, but otherwise the samples have similar Cu
peaks. On the other hand, the KF PDT clearly reduces Ga in
Figure 3b, possibly through the formation of some soluble
gallium compound that is rinsed away. The KF-2 sample also
shows less In, while all other samples have similar In peaks in
Figure 3c. Quantitative XPS compositions of the NH; rinsed
samples are in Table 3, showing that the KF PDT is associated
with increased K, Cu, In, and Se, as well as decreased Ga. The
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ACS Appl. Energy Mater. 2022, 5, 11328—11338


https://pubs.acs.org/doi/10.1021/acsaem.2c01815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01815?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c01815?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c01815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

(a) O1s
AT b b
@
1) KF air
C
>3
S MVMWMMWMW KF
~ 6000 - -
z
2 WMNM%VVMMVWWWMNTWAMW«MWMJMWMJW%UWBaseNHs
=
gf Base air
X
WWMWMWW%MJ Base
4000 T T T T T
536 534 532 530 528 526

Binding energy (eV)

—
O
N—

» KF NH,
£ 6000 - .
3 KF air
&3
=
% KF
€ 4000 Base NH,
&
x Base air
Se B
LMM ase
2000 T T T T T T T T

‘
304 302 300 298 296 294 292 290 288
Binding energy (eV)

(b) F1s
10000_ T T T T T T ]
»
2
5 KF NH,
8 8000 + ~
:>f KF air
2
5 KF
<
o MRy M Base NH,
o
= GOOOWWWWWWMWMM Base air
WRRTVT YPWe TR AN G P P

T T T T T T T
692 690 688 686 684 682 680
Binding energy (eV)

—~
o
~—"

Na 1s

NwkvwmwwvWvﬂuhvvmﬂnw&wmuwwwvvvv¢~KFNHJ

10000 B

KF air

8000 KF
Base NH,
M/MWMMM/\ Base air
6000 B
Base
1076 1074 1072 1070 1068
Binding energy (eV)

XPS intensity (counts/s)

Figure 2. XPS detailed spectra of the (a) O 1s, (b) F 1s, (c) K 2p, and (d) Na 1s peaks for the as deposited (gray), air exposed (light blue), and
NH, rinsed (green) Base-2 sample, as well as the as deposited (pink), air exposed (orange), and NHj rinsed (purple) KF-2 sample.

results in Table 3 use the tabulated standard sensitivity factors
and inelastic mean free paths for quantifying composition. We
also correct sensitivity factors and inelastic mean free paths to
depend on composition, which slightly changes the results
(Table 4). The correction increases Cu while decreasing In
and Ga, while also increasing Cu’s standard deviation. Overall
we conclude from Tables 3 and 4 that the PDT reduced Ga
and did not significantly change Cu or K.

The decrease in Ga correlates with a slight decrease in
conduction band energy (Figure 3d, right axis; Table 2). Small
changes in surface Ga/(Ga+In) composition generally just
shift the Voc—Jsc trade-off,*® so we do not attribute the KF
PDT’s FF boost to Ga or Ecp reduction. On the other hand,
despite the KF PDT not significantly changing Cu/(Ga+In)
and K/(K+Cu), there is a concomitant reduction in valence
band energy (Figure 3d left axis; Table 2). Similar downward
Eyg shifts were reported in all 10 KF (or KI) PDT studies
where Ey was measured (Table 1).

We note that surface band gaps in Table 2 are wider than
expected from bulk film compositions, which is commonly
observed with XPS on similar films."®*"**°*”° Downward
surface band bending, Fermi level pinning, and X-ray quasi-
Fermi level splitting all complicate the interpretation of XPS
and LEIPS band edge measurements. The PDT’s association
with band gap widening in spite of Ga/(Ga+In) reduction

indicates that the band shifts are not a result of band bending
or Fermi pinning. Instead, the band data should result from
changes to the material’s band structure. In Figure 4 we
compare the measured band energies to band energies
calculated from the measured compositions in Table 3
(assuming both baseline cases have electron affinity = 3.56
€V and band offsets depend on Cu/(Ga+In) and Ga/(Ga+In)
composition®”). The straightforward interpretation of Figure 4
is that the band and composition trends are inconsistent.
Former studies have found that KF and RbF PDTs enhance
the nucleation of CdS and the diffusion of Cd into the
absorber, both of which were gosited to benefit the quality of
the homojunction."*”*”**”*% For instance, the monoclinic
2D compound CsInSe, was hypothesized to incorporate Cd
and S to form the 2D compound CsCdInSe;,* or cation and
anion exchange may transform KInSe, into CdIn,S,.*>*”"?%!
We perform SIMS on the full device stack to compare Cd in-
diffusion of the samples. Figure 5 shows that the Cd profiles
are indistinguishable. Whereas the SIMS data do not rule out
greater n-type Cd doping of the KF PDT surfaces, we find no
evidence that the KF PDT benefits hinge upon CBD changes.

B DISCUSSION

In this work, the KF PDT does not increase carrier
concentration or Cd in-diffusion, but instead improves

11331 https://doi.org/10.1021/acsaem.2c01815
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Base-2 (gray circles), Base-3 (black circles), KF-1 (light pink squares), KF-2 (pink squares), and KF-3 (dark pink squares) samples.

Table 3. Standard Sensitivity Factor-Based Quantification of
XPS K, Cu, Ga, In, and Se Compositions after the NH,
Rinse for All Samples, and the Mean Values for the Baseline
and KF PDT Sample Types”

smple K (%) Cu (%) Ga (%) In (%) Se (%)
Base-1 0 15.6 9.9 28.5 40.9
Base-2 0 16.4 7.8 29.6 41.5
Base-3 0 15.2 7.7 27.7 38.5
KE-1 0 17.1 4.7 28.5 42.1
KE-2 0 15.0 2.9 309 42.3
KF-3 4.6 16.8 42 29.5 39.7
all base 0 15.7(6) 8.5(12) 28.6(9) 40.3(15)
all KF 1.5(27) 16.3(12) 3.9(9) 29.6(12) 41.3(15)

“Standard deviations are in parentheses.

Table 4. Corrected Sensitivity Factor-Based Quantification
of XPS K, Cu, Ga, In, and Se Compositions after the NHj
Rinse for All Samples, And the Mean Values for the Baseline
and KF PDT Sample Types”

sample K (%) Cu (%) Ga (%) In (%) Se (%)
Base-1 0 224 8.5 16.5 50
Base-2 0 24.5 6.6 18.4 50
Base-3 0 23.7 6.8 18.2 50
KF-1 0 23.8 3.8 21.2 50
KF-2 0 20.7 2.3 22.7 50
KE-3 0 24.9 2.7 22.3 50
all base 0 23.5(11)  7.3(10)  17.7(10) 50
all KF 0 231(22)  29(8) 22.1(8) 50

“Standard deviations are in parentheses.

efficiency by reducing the surface valence band and moderately
passivating. But how can the KF PDT reduce valence band
while not changing Cu/(Ga+In) or K/(K+Cu) composition,
and why is a KF PDT necessary when growing the film with
lower Cu/(Ga+In) should be an equally effective way to
reduce the valence band?

The answer to these questions may stem from a key
structural difference: Chalcopyrite CulnSe, and Culn;Seg are
both tetragonal and only have {001} cation planes of
intermixed Cu and In (Figure 6).”>7* On the other hand,

11332

K,Culn;Se;, and KInSe, are monoclinic layered (or 2D)
compounds with planes that only intercept weak K—Se
bonds.”***** Like chalcopyrite CulnSe,, K,Culn;Ses has a
plane of mixed Cu and In, but unlike chalcopyrite, this plane is
clad on both sides by planes of In and weakly bound K, as
detailed in Table S. Thus, the K,Culn;Seq unit cell can be
thought of as a superlattice of epitaxial CulnSe,/KInSe,.
Both CulnSe,/K,Culn;Ses and CulnSe,/KInSe, form 3D/
2D structures that are found in all polycrystalline PV absorbers
and are thought to pass.ivate.17 Therefore, KF PDTs may drive
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Figure 4. Energy relative to vacuum for the base and KF samples’ Ey,
Eg, and Eyyp calculated from the composition data in Table 3, and the
same band energy values measured by XPS, LEIPS, and CV (Table
2), respectively, showing that the composition and Eyg trends are
inconsistent.
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Figure 5. SIMS Cd intensity versus depth into the device stack for the
Base-1 (light gray circles), Base-2 (gray circles), Base-3 (black circles),
KF-1 (light pink squares), KF-2 (pink squares), and KF-3 (dark pink
squares).

Table S. Se Bond Character by Phase, Site, Cation, Number
of Bonds, and Length

phase Se site bond no. of bonds  bond length” (A)
CulnSe, 1 Se—In 2 2.601%
Se—Cu 2 2400
KinSe, 1 Se—In 2 2.56—2.57
Se—K 4 341-3.51
2 Se—In 2 2.55-2.56!°
Se—K 2 3.26—3.3114
Se—K 2 4.11—4.16!¢
K,Culn,Seg 1 Se—In 2 2.57-2.59(
Se—Cu 1 2.45—2.48]
Se—K 2 3.42-3.46
2 Se—In 2 2.56—2.57
Se—K 2 3.28—3.29l
Se—K 2 415

“Similar bonds are noted by superscript letters ([“], (o] [l 14 and [e]),
showing that K,Culn;Ses can be thought of as a superlattice of
epitaxial CulnSe,/KInSe,.

a reconstructive phase transformation at the surface of
chalcopyrite crystals. This topotactic transition reduces the
valence band by forming Cu-free planes that are unlike the
structure of Culn,;Ses. Therefore, even if K is mostly rinsed
away, it leaves behind a structure that may possess superior
passivation despite having identical composition to Culn;Ses,
for example, Va,Culn;Ses and ValnSe, in Figure Ge, f.

Indeed, KF PDTs transform multiple rough 3D grains into
smooth, 2D surfaces in scanning spreading resistivity micro-
graphs.”” The sensitivity of heavy alkali fluoride PDT
effectiveness to the presence of Culn,Se; (also known as an
ordered defect compound, ordered vacancy comgpound, or
copper deficient layer) is well documented.”*”?"*¥~1%* Qur
proposed mechanism requires that the absorber be Cu-
deficient enough to accept the excess Cu generated by forming
the Cu-free cation planes at the surface, explaining PDTs’
susceptibility to Culn;Ses. Alternatively, the formation of Cu-
free planes can leave Cu in a soluble form that is rinsed away,
explaining whzr KF PDTs sometimes deplete surface
Cu, 1?1 73804L4375154738 B s commonly used as a surfactant
that reconstructs III-V surfaces to alter ordering during
growth.105 Much like K in CIGS, Bi is isoelectronic but too
large to incorporate into III—Vs. These parallels illustrate how
KF PDTs are post-growth surfactant treatments used to
improve band alignment by reordering surfaces.

(a) CulnSe, (b) Culn,;Se; (c) K,CulnzSeq (d) KInSe, (e) Va,Culn;Sey (f) ValnSe,
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Figure 6. Unit cells of the (a) CulnSe,,”® (b) Culn,Ses,”* (c) K,Culn;Se,,™ (d) KinSe,,” (e) Va,Culn,Se,, and (f) ValnSe, crystal structures
viewed along the [100] direction. Cu is red, In is dark gray, Se is green, and K is purple. Site occupation in Culn;Se; is indicated by pie charts,
where vacancies are light gray. Va,Culn;Ses and ValnSe, are K,Culn;Ses and KInSe, without K.
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First-principles calculations generally predict that intra-
granular K defects in chalcopyrite CIGS are energetically
unfavorable or metastable,”' > explaining why Na improves
KF PDT effectiveness: only through ion exchan§e1 is the
transfer of K into the lattice energetically favorable.”” Optimal
KF PDT temperatures are ~380 °C, much higher than room
temperature and CBD (65 °C) but much lower than absorber
growth temperature (550—600 °C). We hypothesize that
PDTs require enough thermal energy to break bonds and
redistribute atoms in a reconstructive phase transition, while
temperature should be low enough to avoid equilibrium.**'*®
Unlike Culn,Se;, CulnSeg does have Cu-free {001} cation
planes. As a result, the only first-principles study we are aware
of that had structures with Cu-free planes found that (K—
K)y,ca dumbbell defects are exceptionally stable in
Culn,Seg,'”” and we note that such defect structures closely
resemble K,Culn;Se, (Figure 6¢).

In order to reconcile the band and composition trends in
Figure 4, we propose the following reaction sequence:

Cugy3Iny,,Gag,5Se, + 0.52KF + 0.06Cu

— 0.26K,Culn,Se, + 0.23Culn, ,0Ga, ,Se
KEPDT 2 39€6 Ulhg 498530 519€,

+ 0.11GaF, + 0.26F,

— 0.26Va,Culn;Se; + 0.23Culn 44Ga5,Se,

NH; rinse (1)
Since the Cu composition increases, Cu is assumed to diffuse
from the bulk into the surface during the KF PDT. The F,
evaporates during the PDT while the K and GaF; are rinsed
away. The final products of eq 1 are equivalent to
Cug40Ing53Gag ,Se, but would also match the measured
band shifts if Va,Culn;Ses has an Ecy of —0.23 eV and an
Eyp of —0.38 eV (E, of +0.15 eV), relative to the initial surface
of Cugyslng,,Gag,3Se, (assuming CIGS bands depend on
composition”’ and measured bands are weighted to the
products (e.g., Evpmeas 0.53 Evpvacunzses + 0.47
Evp Culn049Ga0515¢2) ). 1f we assume that KlInSe, is formed
instead of K,Culn;Ses, then Cu out-diffusion is no longer
required:

Cug 43Iny5,Gag,5Se, + 0.45KF

—> 0.45KInSe, + 0.42Cul G Se, + 0.13GaE
R— nse, ulng 76433 549€; aky

+ 0.22F,

m 0.45ValnSe, + 0.42Culn,,,Ga,,,Se, @
The final products of eq 2 are equivalent to
Cug 49Ing 5¢Gag 1,Se, but would also match the measured
band shifts if VaInSe, has an Ecp of —0.11 eV and a Ey of
—0.41 eV (Eg of +0.30), relative to the initial surface. In
conclusion, both egs 1 and 2 resolve the conflicting band and
composition trends if Va,Culn;Ses and ValnSe, have similar
band structures to K,Culn,Ses,** possibly explaining how K
can alter bands even after it is gone.

Raman spectroscopy was previously used to distinguish
chalcopyrite from “CuAu” cation ordering.'”® KF PDTs have
been correlated with a 216 cm™ E/B, Raman peak and
“CuAu” cation ordering.'”” RbF PDTs were also recently
correlated with the appearance of a 250 cm™ peak and the
disappearance of a 246 cm™' peak, which were attributed to a
defective chalcopyrite phase.”” We propose that these subtle

Raman changes could relate to the alkali halide-induced cation
reorganization that leads to the Cu-free, weakly bound (2D)
planes in Figure 6. Finally, we note that K accumulates at grain
surfaces throughout the film (i.., grain boundaries),*® so the
hypothesized reconstructive band alignment could also
improve bulk passivation.

B CONCLUSIONS

KF, RbF, and CsF PDTs have been driving CIGS solar cell
performance enhancements for 9 years, but the mechanism
remains unclear. Here we characterize KF PDTs by growing
multiple samples and performing air-free transfer for XPS. Our
KF PDTs do not change majority carrier concentration or Cd
in-diffusion, but do increase efliciency by 6.1% absolute, which
apparently stems from a moderate recombination reduction
(via TRPL) and reduced surface valence band via XPS.
However, XPS does not show a significant decrease in Cu/ (Ga
+In) or increase in K/(K+Cu). We propose that instead, KF
PDTs reduce valence band by reconstructing the surface from
chalcopyrite CIGS to layered K,Culn;Ses or KinSe,. The
formation of this 3D/2D structure passivates and forms Cu-
free cation planes that may reduce valence band even after K is
rinsed away.
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