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Cs-Doped and Cs-S Co-Doped Cul p-Type Transparent
Semiconductors with Enhanced Conductivity

Adeem S. Mirza,* Badri Vishal, Pia Dally, Claudia S. Schnohr, Stefaan De Wolf,

and Monica Morales-Masis*

One hindrance in transparent electronics is the lack of high-performance
p-type transparent conductors (TCs). The state-of-the-art p-type TC, Cul, has a
conductivity two orders of magnitude lower than n-type TCs like ITO. While
doping strategies have shown promise in enhancing the hole carrier density
in Cul, they often come at the expense of hole mobility. Therefore,
understanding how extrinsic dopants affect the mobility of Cul is critical to
further improve the performance of Cul-based TCs. Here the structural and
electronic properties of Cs-doped Cul are investigated. It is demonstrated that
~4 at.% Cs doping in Cul increases the carrier density from 2.1 x 10" to

3.8 x 10% cm—3 while preserving the film microstructure and local
coordination of Cu, as confirmed by HRTEM and XAS analysis. Introducing S
as a co-dopant in Cs:Cul boosts the carrier density to 8.2 x 102 cm—3,
reaching a stable conductivity of %450 S cm~'. In all cases, the enhanced
carrier density negatively affects the hole mobility with ionized impurity
scattering and increased Seebeck hole effective mass as mobility limiting
mechanisms. Nonetheless, the new Cs, S co-doped Cul exhibits high p-type
conductivity, Vis—NIR transparency, and stability, presenting an attractive
candidate for future transparent electronic devices.

> 3 eV and conductivities () reaching 10*
S cm™".["?] Contrarily, wide band gap (E,)
p-type TCs are still limited to o, values in
the order of 102 S cm™ or below, which is a
major hurdle in achieving fully transparent
electronics.?*l Among p-type TCs, doped
copper iodide (Cul) is among the highest-
performing TCs in terms of conductivity.
Recently, interest in Cul has resurged ow-
ing to its wide E, and possible extrinsic and
intrinsic p-type doping. Moreover, reported
high Seebeck coefficient (a) > 200 uv K!
makes it interesting for, for example, trans-
parent thermoelectrics.>#]

Intrinsic Cul typically exhibits a
6, =50 S cm 1! with reported experi-
mental hole mobility (y,) values ranging
from ~20 to ~44 cm? V7! s7! for single
crystals, 1% and 10 to 25 cm? V- 57! (de-
pending on the free hole carrier density, n;,)
for polycrystalline films.l21*] Epitaxial Cul
either on Al,0,("] or InAs,1618 yielded
U, =20cm? V-1 sl or y, ~10 cm? V-1 57!
as well. Regardless of the single or poly-
crystalline nature of Cul, the highest y, is

1. Introduction

The advent of transparent conductors (TCs) has brought upon
us an emerging field of transparent electronics, which include
displays, semi-transparent solar cells, and smart windows. Cur-
rently, we rely on n-type TCs which are mostly degenerately
doped post-transition metal oxides, with tin-doped indium ox-
ide (ITO) being the archetypical n-type TC presenting a bandgap

always achieved for low n,, in the order of 10" cm™3. This sug-
gests the presence of different scattering mechanisms at play for
low and high n,,. Recently, Willis et al. modeled the charge trans-
port mechanisms in Cul and concluded that at n, 210! cm3,
a maximum g, = 162 cm? V™! s7! is achievable owing to lim-
itations by phonon scattering, while, in the degenerately doped
regime with n, ~#10?° cm~3, a maximum y,, of 32.6 cm? V! s~!
is feasible, limited by the ionized impurity scattering.[') This
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implies higher u, values are possible through improving the
quality of Cul films. For instance, it has been shown that high
u, = 25 cm? V-1 571 is possible for high n, = 10* cm™3, if the
film quality is improved.['*]

In addition to y,, to further improve ¢, of Cul, the n, should
Dbe increased by, for example, introducing various dopants in the
lattice.[#20-2] Growing Cul in iodine-rich conditions has been
shown to result in n;, ~10?° cm=, however, there is no men-
tion of the stability of n;, over time.?*] Extrinsic doping with Se
was reported to increase n, from ~10" to 8 x 107 cm=3.21] S.
doping is one of the most effective extrinsic dopants, resulting
in high n;, of 5 x 10 cm™ < n, < 9 X 102 cm™).582223.25]
Defect analysis of S-doped Cul indicated that S indirectly helps
in promoting copper vacancies (V,) by shifting the chemical
potential to I-rich conditions.!®] Alternatively, Cs doping was re-
ported to increase the n, from ~10 to > 10" cm=3.12] Alloy-
ing is another approach to achieve high ¢, primarily increas-
ing the n, > 10*' cm™3.12] Recently, record p-type TC o, val-
ues approaching those of n-type TCs were demonstrated for
amorphous thin film Cu(S,I) alloys, with n, ~10*? cm™ and
Uy, ®3 cm? V1 gL [27]

When it comes to the fabrication of Cul thin TCs, sev-
eral techniques have been reported. One method consists
of the iodination of Cul?®! or Cu;NI! films to form Cul
or the iodination of Cu, S[?! films to form an amorphous
Cu(S,I) alloy. Solution processes such as spray coating,!?! inkjet
printing,3%l and spin coating!3!) are used for fabricating intrin-
sic as well as S22l and Cs[?*! doped Cul films. Last, physical
vapor deposition processes including thermal evaporation,'*
reactive sputtering,?*! and molecular beam epitaxy!’®] have
been demonstrated for intrinsic Cul films too. Pulsed laser
deposition (PLD) has been shown to be a promising tech-
nique for intrinsic Cull®®! as well as Se-doped!?!! and S-doped
Cul Bl

Hitherto, Matsuzaki et al. demonstrated Cs-doped Cul films
via spin coating a solution of Cul and Csl in acetonitrile re-
sulting in an increase in ¢, to 15 S cm~1.[2) However, besides
low o, the impact of Cs incorporation on Cul microstructure
and its link to o, was not addressed. In this work, we show a
room-temperature growth of Cs-doped Cul (Cs:Cul) films via
PLD. We investigated the structural properties via X-ray diffrac-
tion (XRD 20-w scan), scanning/transmission electron spec-
troscopy (S/TEM), and X-ray photoelectron spectroscopy (XPS)
and probed into the local structure around Cu in the Cs doped
Cul films with X-ray absorption near edge (XANES) and X-ray
absorption fine structure (EXAFS). The optoelectronic properties
are analyzed by measuring transmittance/reflectance in wave-
length range 300-1500 nm, room temperature as well as tem-
perature dependent (10-300 K) Hall effect measurements in Van
der Pauw configuration and room temperature Seebeck coef-
ficient measurements. We demonstrate a ¢, of ~#290 S cm™!
with visible transparency of ~#75% for 4 atomic percent (at. %)
Cs incorporation in Cul films. Furthermore, a novel approach
of co-doping Cul films with Cs and S (Cs,S:Cul) is demon-
strated, boosting o), to 570 S cm™'. Ultimately, we propose
the mechanisms responsible for the drop in g, with the in-
crease in n, and examine the ambient stability of doped Cul
films.
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2. Results and Discussion

2.1. Morphology and Structural Properties of Cs:Cul TCs

Cul and Cs:Cul films with low and high Cs doping levels were
prepared by PLD from either Cul targets (for pure Cul) or from
Csl:Cul targets containing different molar ratios of CsI and Cul
(for the Cs:Cul). Throughout the manuscript, we use the nota-
tion LD-Cs:Cul for low-doping Cs:Cul, and HD-Cs:Cul for high-
doping Cs:Cul to define the films. As it will be explained below,
LD-Cs:Cul refers to ~1.8 at. % Cs in Cul and HD-Cs:Cul refers
to ~4 at. % Cs in Cul.

The PLD-grown Cul, LD-Cs:Cul, and HD-Cs:Cul TC films
are polycrystalline with root mean square (RMS) roughness
of ~10 nm and show densely packed columnar growth
(Figure 1A—C). The 20-w symmetric scans (Figure 1D) confirm
the room temperature zinc blende cubic phase of Cul (y-Cul)!3?!
and the films are textured in (111) direction with no signs of
strain after the addition of Cs. However, HD-Cs:Cul films stabi-
lize a metastable monoclinic phase of Cul 33! with a small peak
emerging at 20-50°. This was later confirmed by high-resolution
TEM, indicating the local presence of a monoclinic phase.

To elucidate further the Cul and Cs:Cul structures, we probed
the local structure around Cu using X-ray absorption spec-
troscopy (XAS). The Cu K-edge was measured for the intrinsic
Cul and compared with that of an HD-Cs:Cul. The XANES is
identical for both TCs and reveals no signs of oxidation of Cu
(Figure 1E).BY If we look at the Fourier transform of the ex-
tended EXAFS (Figure 1F), we see again the same features with
nearly identical amplitudes for both films. This demonstrates
that the local coordination of Cu in the HD-Cs:Cul film is the
same as in intrinsic Cul. Fitting these spectra (Figure S1, Sup-
porting Information) yields the average Cu-I bond length d and
the bond length disorder o2, which arises from thermal vibra-
tions and static disorder. The fit quality is excellent and we ob-
tain d = (2.607 + 0.001) A and ¢? = (2.1 + 0.1) x 10 A? for in-
trinsic Cul, in good agreement with previous reports.>*] The
average Cu-I bond length and bond length disorder obtained for
the HD-Cs:Cul are identical to those of intrinsic Cul within the
given uncertainty. This confirms that the average local structure
surrounding Cu is the same for both TCs and that the crystalline
quality on the sub-nanometer scale is not diminished by incor-
poration of up to ~4 at. % Cs.

The elemental distribution of Cs dopant and its effects on the
microstructure were examined via TEM. Figure 2 shows high-
angle annular dark field (HAADF-STEM) images with corre-
sponding Cs elemental mapping of Cul films with overall aver-
ages of ~1.8 at. % and ~4 at. % Cs. The Cu and I distribution is
found to be homogenous for both TCs as demonstrated in Figure
S2A,B (Supporting Information). The LD-Cs:Cul film exhibits a
uniform distribution of Cs, with a measured concentration of
~1.8 at. % Cs (Figure 2A), while the HD-Cs:Cul film exhibits a
non-uniform distribution of Cs both within and across the grains
of the film, ranging from 2.2% to 4.5% (Figure 2B). Both, the
LD-Cs:Cul and HD-Cs:Cul films consist of large grains, approx-
imately as large as the film thickness (=150 nm) (Figure 2C,D).
Additionally, prominent lamellar microstructures are frequently
observed within the majority of grains in the material contain-
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Figure 1. Morphology and structural properties of Cul and Cs:Cul TCs. SEM top view/cross-section and AFM (inset) images of A) Cul B) LD-Cs:Cul C)
HD-Cs:Cul. The scale in all the figures corresponds to 200 nm. D) 26-@ symmetric scans of Cul based films E) XANES spectra for Cul and HD-Cs:Cul
films around Cu K-edge F) Magnitude of Fourier transformed (FT) EXAFS spectra for Cul and HD-Cs:Cul films above Cu K-edge.

ing an average of 4% of Cs (indicated by arrows) (Figure 2D;
Figure S2C-E, Supporting Information).

In Figure 2E, a high-magnification HRTEM image confirms
the presence of a continuous grain boundary (GB) in the LD-
Cs:Cul film (marked area in Figure 2C), where both grains 1
and 2 are in cubic phase (F 4 3m) confirmed by taking the fast
Fourier transform (FFT) image. In Figure 2F, atomically resolved
HRTEM reveals the <111> plane continuing across the grain
boundary, confirming endotaxial growth. The endotaxial direc-
tion of the grain aligns with the film growth direction, confirm-
ing the uniform coalescence of grains during deposition.

In Figure 2G, a high-magnification HRTEM image of the HD-
Cs:Cul film reveals grain boundaries (GBs) between three cubic
phases (labeled as x, y, z) confirmed by the corresponding FFT
image (Figure S2D, Supporting Information). Phases x and y ex-
hibit a nano-twinning microstructure (also see Figure S2E, Sup-
porting Information). Twinning can result from deviations in the
ideal crystal structure’s lowest free energy state (here, due to lat-
tice strain, caused by an uneven Cs distribution) and slip-along
twin planes.[*®! Furthermore, room temperature film growth, in-
volving uncontrolled natural cooling from plasma to thin film,
can also induce nano-twinning. In Figure 2H, a small amount of
a secondary monoclinic metastable phase (P1c1) is observed lo-
cally on the top surface of HD-Cs:Cul film (marked as a square

Adv. Funct. Mater. 2024, 2316144 2316144 (3 0f10)

in Figure 2D), as mentioned earlier and shown in 26-w scan,
Figure 1D. Despite the presence of nano-structural features due
to Cs dopants in the Cul lattice, it does not undergo structural
transformation and predominantly remains in the parent cubic
phase. Overall, from our XRD, XAS, and TEM analysis, we can
conclude that the Cs-doping in small atomic percentages up to
4% does not significantly affect the crystal structure of the parent
Cul lattice.

To investigate the surface chemistry, XPS was carried out on
the Cul, LD-Cs:Cul, and HD-Cs:Cul films. As evident from the
survey spectra (Figure S3, Supporting Information), intrinsic
Cul comprises of Cu and I along with surface contaminants
O and C. The estimated compositions from XPS are presented
in Tables S1-S3 (Supporting Information). XPS high-resolution
spectra for Cu 2p, I 3d, and Cs 3d core levels are presented in
Figure 3. There is no significant shift in binding energies (B.E.) of
Cu 2p;), orbitals for intrinsic Cul (932.5 eV) and both Cs:Cul TCs
(932.4 eV) (Figure 3A), which is in accordance with the reported
values(#3137-401 in the Cul system. Cu is only present in the Cu*
oxidation state, which is further confirmed by the absence of any
satellite peak (of Cu?*), a typical feature of compounds such as
CuO (with Cu?* species).l”) There is a shift toward lower B.E. of
I 3ds, orbitals (Figure 3B) from 619.7 eV for Cul to 619.5 eV
for both cases of Cs:Cul, suggesting the possibility of a slightly
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Figure 2. HAADF-STEM low and high magnification images around GBs and elemental distribution in Cs:Cul TCs A,B) HAADF-STEM and elemental
mapping of LD-Cs:Cul and HD-Cs:Cul films respectively C,D) Low magnification TEM of LD-Cs:Cul and HD-Cs:Cul films respectively E) HRTEM of
LD-Cs:Cul film with continuous GB between grain 1 and 2 and corresponding FFT F) Atomically resolved HRTEM of continuous atomic plane <111>
at GB of LD-Cs:Cul film G) HRTEM of triple GBs between grains x, y, and z, where x and y have nano-twinning in HD-Cs:Cul film H) HRTEM and FFT of
monoclinic (P1c1) metastable phase in HD-Cs:Cul film.
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Figure 3. XPS high-resolution spectra of A) Cu 2p B) | 3d and C) Cs 3d of Cul and Cs:Cul films. For fitting parameters, refer to Table S4 (Supporting
Information).
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Figure 4. Optoelectronic properties of Cul and Cs:Cul TCs A) Transmittance (T) and Absorptance (A) of Cul and Cs:Cul films. A is calculated using
Reflectance (R) and is defined as A = 100 — T — R. Refer to Figure S4 (Supporting Information) for R data. B) Tauc plot of the Cul and Cs:Cul TCs. For
Cul, the band splitting of 0.64 eV is observed owing to spin-orbit coupling. C) Hole carrier density, hole mobility, and p-type conductivity of Cul and
Cs:Cul measured via Van der Pauw configuration of Hall effect at room temperature.

I-rich surface after Cs-doping, yet the I/Cu and I/(Cs+Cu) only
varies slightly as confirmed by STEM/EDX (Table S3, Support-
ing Information).['*31%7] Furthermore, I stay in the I~ oxidation
state.l”>*!] For Cs 3d core orbitals, the B.E. of 724.6 eV for Cs 3ds
(Figure 3C), agrees with CsI'*'*] and as expected the absolute
intensities depict higher Cs atomic percentage in the HD-Cs:Cul
TC compared to the LD-Cs:Cul TC.

2.2. Optoelectronic Properties of Cs:Cul TCs

Optical properties are measured for Cul and Cs:Cul films with
thicknesses ~#100 nm. The average visible transmittance (T) is
unaffected by Cs-doping and remains above 75% from the Vis to
the NIR range of the spectrum for all the films (Figure 4A). We
see a slight increase in visible absorptance (A) with increasing Cs
content in the Vis and NIR spectrum, but overall, it stays below
10% in the measured range (Figure 4A). The increase in near-
infra-red (NIR) absorptance indicates that the Cs-doping causes
an increase in the free carrier absorption (FCA), owing to an in-
crease in the n;, as will be discussed later. Cul is a well-known
direct E, semiconductor!®*** for that the optical E, can be esti-

mated using the Tauc plot relation (o, ho) "7 with Tauc exponent
y =1/2, where a), = absorption coefficient, h = Planck constant
and v = frequency.** A slight increase in E, can be seen from
3.02 eV for Cul to 3.08 eV for HD-Cs:Cul TC, see Figure 4B.
Z,/Z, denotes the main band edge absorption and the charac-
teristic peak Z, (only visible in the case of Cul) is associated with
band splitting (due to spin-orbit interactions) of the VB.I32 Z, di-
minishes upon Cs-doping that could be ascribed to the formation
of a defect band traversing in the VB (owing to large n,)!®) or the
presence of resonant states in VBI*®l (owing to Cs doping). The
energy difference (Z,-Z,/Z,) for Cul is 0.64 eV which is consis-
tent with the previously reported values obtained by calculations
and experiments.[®32]

Regarding the electronic properties, n, significantly increases
from 2.1 X 10% cm™3 for Cul to 1.4 X 10?° cm~3 for LD-Cs:Cul,
and even further to 3.8 x 10?° cm~* for HD-Cs:Cul (Figure 4C).
As reported in reference,!?! the introduction of Cs (which has the
same oxidation state of Cu, i.e., +1) promotes the formation of de-
fect complexes ([Cs;-3V,-V;]~ and [Cs;-4V,-V;]*7), which results

Adv. Funct. Mater. 2024, 2316144 2316144 (5 0f10)

in an increased density of V., defects. V, are energetically the
most shallow defects in Cul, having the lowest formation energy
among possible point defects in Cul.#19324 The points above
suggest that the density of V., is increasing with Cs-doping. An-
other possibility is a decrease in compensating donor iodine va-
cancies (V;) with Cs-doping, hence increasing the n,,. On the con-
trary, we see a decrease in the y;, from 9.9 cm? V~! 57! for intrinsic
Cul to 7.8 cm? V=1 s7! for LD-Cs:Cul to 4.9 cm? V-1 57! for HD-
Cs:Cul (Figure 4C). This decrease in y,, can be attributed to in-
creased ionized impurity scattering resulting from an increase in
n, as suggested by the temperature dependent o measurements
discussed later in Section 2.4 and Figure 7A. Overall, we achieve
a o, of 292 S cm™! for HD-Cs:Cul, which is almost a ten-fold
improvement compared to 31 S cm™! for intrinsic Cul.

2.3. The Case of Cesium and Sulfur Co-Doped Cul

Previously, we have demonstrated that the introduction of Sul-
fur (S) in Cul also enhances its n, up to 6.9 X 10" cm™
(Figure 6A).18] An additional post iodine (I,) treatment resulted
in n, up to 5.7 x 10% cm™3. A detailed analysis indicated that S
incorporation in Cul TCs results in: i) excess S at the grain bound-
aries forming a Cu, S-rich phase and, ii) intragrain S helping shift
the chemical potential toward I-rich conditions and thereby pro-
moting V, in Cul. In the case of Cs-doping we do not observe Cs
segregation at the grain boundaries and the DFT defect calcula-
tions performed by Matsuzaki et al. suggest Cs helps to promote
the number of V., by forming defect complexes.[?”) Furthermore,
we have explained earlier that Cs-doping do not alter any struc-
tural transformations. Therefore, to leverage the role of Cs and
S doping in Cul, we prepared co-doped Cs, S:Cul TCs via PLD
using the same growth parameters of Cs:Cul and a target having
a molar ratio of CsL:S:Cul = 0.05:0.1:1. The co-doped TC films
maintain the (111) orientation with small presence of Cul mon-
oclinic phase, as in the case of HD-Cs:Cul TC (Figure S5, Sup-
porting Information). Figure 5 shows the STEM cross-section of
the Cs,S:Cul film with averaged cross-sectional atomic percent-
ages of 2.4 at. % and ~1.2 at. % for Cs and S respectively. Cs
and S (Figure 5) along with Cu and I (Figure S5C,D, Supporting
Information) are uniformly distributed across the film.
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Figure 5. HAADF-STEM low magnification images depicting GBs and elemental distribution in as-deposited Cs and S co-doped Cul (Cs, S:Cul) films
A) HAADF image showing columnar growth and elemental mapping of B) Cs C) S.

Figure 6A,B displays the electrical properties of intrinsic Cul,
S:Cul, Cs:Cul, and Cs,S:Cul TCs. A major difference is seen in
the n,,, where the co-doping results in n,, to 6.2 X 102 cm~3 and a
simple I, treatment®! further boosts n,, to 8.2 x 102 cm=3. Con-
sequently, y;, drops to 3.2 cm? V=! 57! for as-deposited Cs,S:Cul
TCs and slightly increases to 4.3 cm? V=! s7! for I, treated
Cs,S:Cul TCs (Table S5, Supporting Information). As a result, we
getvery high 6, 0f338.4 Scm™' and 572.6 S cm™! for as-deposited
and I, treated films respectively. The average visible transmit-
tance of 76.2% for as deposited Cs,S:Cul is similar to Cs:Cul TCs,
which reduces slightly to 72.4% upon I, treatment (Figure 6B),
although the absorptance stays below 10% for the most part of
the visible spectrum in both cases. From Figure 6 and Table S5
(Supporting Information), it is evident that co-doping Cul with
Cs and S is an effective way to increase the carrier density of Cul
in as-deposited films, without the need of an additional I, treat-
ment. The high conductivity is also stable over time as will be
discussed in Section 2.5.

2.4. Study of Defect and Valence Bands

Temperature-dependent ¢, was furthermore measured for the
Cul and Cs:Cul TCs (Figure 7A). Cul depicts a typical semi-
conductor behavior, that is, 6, and n,, decrease with a decrease
in temperature (Figure S6A, Supporting Information). Using
the thermal activation model obeying the Arrhenius relation, a

very low activation energy E, < 1 meV is calculated. In the case
of LD-Cs:Cul, HD-Cs:Cul, and Cs,S:Cul TCs, the o, is inde-
pendent of temperature, suggesting a degenerate semiconduc-
tor and ionized impurity scattering as the main mobility limiting
mechanism.[*’l Following Yamada et al.,[° we hypothesize that
the large n,, of the Cs:Cul relates to an increased density of V,,
resulting in an increased density of acceptor levels and shifting
the fermi level (Ep) inside the VB, that is, forming a degenerate
semiconductor with doping.

The Pisarenko plot at room temperature shows the relation be-
tween the a and n,, following Equation 1. From the Figure 7B, the
existence of a complex VB is evident, as an increase in n; can-
not be defined by a single parabolic band model (Equation 1).18!
We see an increase in the estimated Seebeck hole effective mass
(mg*) (Equation 1) from 0.9 m, to 2.4 m, with an increase in
n,,. This is a typical behavior in material systems with multiple
VBs (like CoSb;, Mgy, Li,Siy ;Sn,;, SbCrSe;, PbSe).[***2] Cul
has two degenerate VBs, one with higher dispersion (light holes)
and the other with lower dispersion (heavy holes).[*] The theoret-
ical values for both vary from 0.22 to 2.5 m, respectively.['"] We
propose a VB model for our low n,, (Cul) and high n, (Cs:Cul
and Cs,S:Cul) TCs as shown in Figure 7C. At low n,, the E; lies
just outside the VB, whereas, at high n,, the E; moves inside the
VB (degenerate semiconductor). The increase in the mg* might
then be the consequence of the acceptor states overlapping and
merging with the VB for n, > 10% cm~. In summary, we suggest
that the low y,, for high n, is related to increased ionized impu-

A B C
E-] m  As Dep
. o 10 = 0 l,Treated | &
£ 0 :
o - | E
< L 8 " g
s e e <
= 1020} v 3 6 © S As Dep - Cs,S:Cul
o a > E — |, Treated - Cs,S:Cul
= = 0 a) @ 2
2 63 T 4r 1 I c
- [e] [ ] ©
O & M As Dep = Al ) =
0O 1, Treated
1019 L 1 L 1 0 1 L L 1 0 1 I L
Cul S:Cul Cs:Cul Cs,S:Cul Cul S:Cul Cs:Cul Cs,S:Cul 300 600 900 1200 1500

Wavelength (nm)

Figure 6. A) Hole carrier density and B) Hole mobility of the Cs, S:Cul TC and comparison with S:Cul, Cs:Cul and Cul, all as-deposited and iodine treated.
All films have a thickness of ~100 nm and the at. % of Cs and S in the films are summarized in Table S5 (Supporting Information). C) Transmittance (T)
and Absorptance (A) of as deposited and iodine treated Cs, S:Cul TCs. Refer to Figure S5B (Supporting Information) for R data.
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Figure 7. Defect levels and valence band model A) Temperature-dependent conductivity measurements of Cul, LD-Cs:Cul, HD-Cs:Cul, and Cs, S:Cul
TCs. B) Pisarenko plot showing the relation between the Seebeck coefficient and hole carrier density. The cyan highlighted regions show range of constant
Seebeck effective masses. C) Simplified band model of Cul and highly doped Cul, used only for illustration purposes.

rity scattering (as mentioned earlier) and an increase in mg* for
Cs:Cul and Cs,S:Cul films.

X mg* X <3th> (1)

2.5. Comparison with State-of-the-Art and Stability of Cul-Based
TCs

win

B 872k’ T

*= 3eh?

We compared the performance of our Cul, Cs:Cul, and Cs:S:Cul

with various other reported doped Cul, based on the figure of

merit (FOM) defined as FOM = 2. The o, is determined by
X

room temperature Hall effect measurements and the a; ab-
sorption coefficient is calculated using a), = % ln(%), where t is
film thickness and T is the transmittance at 550 nm. Figure 8A
shows the reciprocal of the a, plotted against o,. The Cs:Cul
and Cs,S:Cul TCs exhibit high FOM approaching the values of
~0.03 Q7! and are among the high reported values of Cul -based
p-type TCs, just below the best performing S-doped Cul.[24225253]

The electrical instability of Cul in ambient conditions is well-
known. Post-treatments with 1,2/ and H,0,!??] adversely affect
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long-term stability, primarily owing to decrease in n,, over time.
On the other hand, O, from the ambient environment can in-
crease n, (and o,) over time, as substituted O, acts as a shallow
acceptor.>>**] We monitored the stability of I,-treated Cs,S:Cul,
and HD-Cs:Cul films stored in an N, box, likely with traces of O,.
The hall effect measurements are done at ambient conditions.
The HD-Cs:Cul shows a stable ¢}, 260 S cm™! for 45 days. The
I, post-treatment in Cs, S:Cul TC shows a decrease in o), from
~572 to ~488 S cm™! in a day while it stabilizes at %450 S cm™!
over a period of 44 days (Figure 8B). It stems from a decrease in
n,, from 8.2 x 10% t0 6.5 X 10 cm=3. This change in 5, does not
significantly affect the FOM, as the performance of the Cs, S:Cul
TC remains high (i.e., 450 S cm™! with high Vis transmittance),
underscoring the potential of this co-doping approach.

3. Conclusion

We have demonstrated Cs-doping and Cs, S co-doping as an ef-
fective strategy to enhance the o), of stable Cul-based TCs. The
XRD, XAS, and STEM analysis of Cs:Cul TCs suggests that the
Cs incorporation triggers no major changes in the Cul lattice,
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Figure 8. Performance evaluation of Cul based TCs A) Figure of merit for various doped and un-doped Cul showing the reciprocal of the absorption
coefficient (at 550 nm) plotted against conductivity. The reference data is given in Table S6 (Supporting Information). Legend for deposition method:
d241sputtering, 1" evaporation, el131A 121 181pL D, 2.128] i127] jodination, P[®]solid iodination, M?2lliquid iodination, 81200 spin coating B) Electrical stability

of iodine treated Cs, S co-doped and as deposited HD-Cs:Cul TCs.
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and the local structure around Cu is preserved. While the Cs are
uniformly distributed for a moderate Cs doping (1.8 at. %) in
Cul, high doping (=4 at. %) causes non-uniform distribution of
Cs along the film thickness. The electrical properties clearly show
an increase in n;, as the main source of increase in o), with dop-
ing. The n,, increases from 2.1 X 10" cm=* for Cul to 4 x 10%
cm~3 for HD-Cs:Cul at the expense of reduced p,,, with p, de-
creasing from 9.9 to ~4 cm? V= s71. The n,, of co-doped Cs, S:Cul
TC further increases to 6.1 X 10%° cm™ (6, =340 Scm™') and a
subsequent post-I, treatment pushes it to 8.2 x 10 cm~3 (5, =
570 S cm™!). Temperature dependent o}, measurements confirm
the degenerate semiconductor behavior for Cs:Cul and Cs,S:Cul
having high n;, > 10%° cm~3, which is a clear contrast compared to
the intrinsic Cul with n, #10'° cm~* presenting non-degenerate
semiconductor behavior but a low E, < 1 meV. Another notable
effect is an increase in mg* for high n, > 102° cm=3. Therefore,
we suggest ionized impurity scattering and increased mg* as the
u;, limiting mechanisms in doped Cul. In summary, our work
provides an understanding of Cs incorporation in the Cul lattice
and paves the way to further explore dopants that can indirectly
enhance the n, in Cul while delivering stable p-type TCs. Fur-
thermore, room temperature growth and vacuum deposition al-
low future implementation in various electronic devices like solar
cells and other transparent electronics.

4. Experimental Section

Target Preparation and Pulsed Laser Deposition (PLD) Deposition: The
PLD targets were prepared by uniaxial pressing of Cul powders (98%
Sigma-Aldrich) under a load of 7 metric tonnes. For Cs addition, targets
were made by mixing Csl (99.9% Sigma—Aldrich) and Cul powders in mo-
lar ratios of ~#0.01:1:~0.05:1 and ball milled for 3 days. For co-doping, tar-
gets were made by mixing S (98% Alfa Aesar), Csl, and Cul powders in
molar ratios Csl:S:Cul = 0.05:0.1:1 ball milled and pressed as described
above. Thin films were grown using a KrF (248 nm) Compex-pro laser with
a frequency of 5 Hz and fluence of 2 ] cm~2; the deposition pressure was
0.06 mbar with Ar as background gas. The substrate was kept at room
temperature. The optimization of growth parameters for Cul films is de-
scribed in reference.®] The glass and Si substrates were cleaned by 5 min
sonication in acetone, ethanol, and de-ionized water sequentially before
the deposition.

Note about Cs content in the PLD targets: as mentioned above, the Cs
doping in Cul was introduced by adding a Csl and Cul in the targets in
a molar ratio of #0.01:1:0.05:1 (Csl:Cul). Yet, the exact molar ratio could
vary due to target fabrication uncertainties, as these were in-house pre-
pared targets. SEM EDX on the actual PLD targets was performed to con-
firm the composition and the 0.01:1 target shows Cs values ranging from
1.3 at. to 1.5 at. % Cs instead of exactly 1 at. % Cs. Whereas, the 0.05:1
target shows Cs ranging from 3.5 to 4.1 at. % instead of 5 at. %. The at.
% Cs percentages measured in the films via STEM/EDX indicated that the
0.01:1 and 0.05:1 target yielded ~1.8 at. % Cs and ~4 at. % Cs doped Cul
films, respectively. Considering the uncertainties during target fabrication
and error margin of the compositional measurements, the relatively small
differences in Cs at. % composition in targets and films were justified.

Structural Characterization and Topography—X-Ray Diffraction (XRD):
The symmetric 26-@ scans were done in PANalytical X’Pert3 Powder setup
operating at 40 kV and 35 mA using Cu K, radiation (1.5406 A).

Structural Characterization and Topography—Atomic Force Microscopy
(AFM):  The surface morphology was measured on Bruker ICON Dimen-
sion Microscope AFM. 1 um x T um scans were done in standard air tap-
ping mode.

Structural Characterization and Topography—Scanning Electron Mi-
croscopy (SEM):  High-resolution SEM images were taken with Zeiss Mer-
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lin HR-SEM using the InLens detector mode and electron high tension
(EHT) of 1.4 kV. The atomic ratios were determined using 10 kV in EDX
detector mode.

Structural Characterization and Topography—X-Ray Absorption Spec-
troscopy (XAS): XAS measurements at the Cu K-edge (8.979 keV)
were performed at beamline P65 of PETRA IIl at DESY in Hamburg,
Germany.[>] Spectra were recorded at a temperature of ~10 K in fluo-
rescence mode using a 4-pixel SDD Vortex detector. Data processing and
analysis were performed using the DEMETER software package,*®! with
theoretical phase shifts and scattering amplitudes calculated by FEFF9.[57]
The Hanning window used for FT was set to k = 3—13 A~" with a tapering of
dk =2 A=, Fitting was performed in radial space with R =1.7-3.0 A, dR =
0.5 A and multiple k-weights of 2,3, and 4. The coordination number was
set to the zincblende value of 4 since the XANES spectra showed no signs
of oxidation.3*] The same amplitude reduction factor and threshold en-
ergy were used for both films. Note that fluorescence XAS measurements
at the Cs L-edges (5.0-5.8 keV) were not feasible due to the strong overlap
with the simultaneously excited iodine fluorescence lines whereas mea-
surements at the Cs K-edge (35.985 keV) were impractical for thin films
due to the extremely low absorption at such high X-ray energies.

Ultraviolet Photoelectron Spectroscopy (UPS) and X-Ray Photoelectron
Spectroscopy (XPS): Surface analysis by Photoemission UPS and XPS
measurements was performed in a UHV chamber (ScientaOmicron) op-
erating at a pressure of 2 X 10~° mbar.

UPS measurements were carried out using a 21.2 eV vacuum UV source
(focus). The sample was biased by 10 eV to observe the low kinetic energy
cutoff. The photoelectrons were collected at an angle of 80° between the
sample and analyzer, with a normal electron take off angle. The constant
analyzer pass energy (CAE) was 5 eV for the valence band region and for
the secondary electron cutoff (SECO).

XPS was carried out in the same spectrometer, equipped with a
monochromatic Al K, X-ray Omicron XM1000 X-ray source (hv =
1486.6 eV) operating at a power of 390 W. The high-resolution spectra were
collected at a CAE of 15 eV. The XPS spectra were analyzed and quanti-
fied with CasaXPS software by integrating the peak areas using a Tougaard
based background function.

Structural Characterization and Topography— Transmission Electron Mi-
croscopy (TEM) and Focused lon Beam (FIB): For the (scanning) Trans-
mission Electron Microscopy (S/TEM) study, A cross-sectional electron-
transparent lamella was meticulously prepared using a focused ion beam
(FIB) within the Scanning Electron Microscope (SEM-FIB Helios G5 Du-
alBeam, FEI). FIB setup was equipped with an EasyLift nanomanipulator
and a Gallium (Ga) ion source. To protect the region of interest during
FIB processing, multiple protection layers on thin film were applied. Ini-
tially, a 0.5 um layer of both Carbon (C) and Tungsten (W) was deposited
using an electron beam (e-beam). Subsequently, an additional 3 um layer
of W was deposited by the ion beam, providing robust protection to the
thin film. The ion beam milling procedure was meticulously executed in
a step-by-step fashion, with decreasing beam currents (ranging from 2.4
to 0.025 nA) over an accelerating voltage range of 30-5 kV. This precise
process allowed for the gradual cutting and thinning of the lamella down
to a thickness of 50 nm while minimizing ion beam-induced damage. Fur-
thermore, a low-current cleaning procedure was performed, operating at
voltages ranging from 5 to 2 kV and currents from 81 to 28 pA, to en-
sure the removal of any potential contamination. Subsequent TEM and
STEM experiments were conducted using the Cs-image corrected Ther-
moFisher Titan 60-300 Cubed TEM microscope at 300 keV. For scanning
transmission electron microscopy (STEM), the Cs-probe corrected Ther-
moFisher Titan 60—300 Cubed TEM was utilized, which was equipped with
a Four-Quadrant SuperX Energy Dispersive Spectrometry (EDS) Detector,
and dedicated TEM holder. The acquired TEM data underwent thorough
processing using specialized software packages, including Gatan Digital
Micrograph and Thermo Scientific Velox suites.

Optical Characterization: ~ Perkin Elmer Lambda 950S was used to mea-
sure the transmittance (T) and reflectance (R) of films grown on a glass
substrate. The absorptance (A) was calculated using A =100 — T — R.
Deuterium and tungsten lamps were used as sources while an integrating
sphere collected signals via the PMT and InGaAs detectors.
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Electrical Characterization—Hall Measurements: Room temperature
Hall measurements were carried out in Van der Pauw configuration and
magnetic field of 1T in ezHEMS Hall setup by NanoMagnetics. The mea-
surements were done on 1cm x 1 cm glass substrates with gold contacts
on the corners for ohmic contact.

Temperature-dependent conductivity measurements were done in
the Van der Pauw configuration using the Quantum Design Physical
Properties Measurement System (PPMS). The films were deposited on
1cmx 1cm glass substrates with gold contacts on the corners for ohmic
contact. A sweep from 9 to —9 T magnetic field was done for the resistivity
measurements from 300 to 10 K. Refer to Note S1 (Supporting Informa-
tion) for detailed calculations.

Electrical Characterization—Seebeck Coefficient Measurements: See-
beck measurements were taken in a home-built setup at room temper-
ature. The thin film samples were deposited on 1 cm x 1 cm glass sub-
strate with gold contacts on the corner and placed on Peltier elements.
The current was supplied to heat one of the Peltier elements compared to
the other. Voltage difference (AV) caused by temperature difference (AT)
at two ends of the sample was measured. Later, the slope was extracted
from the AT versus AV plot and hence the Seebeck coefficient values.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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