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electronics for decades. One of the most 
promising candidates to resolve this 
issue is copper(I) iodide (CuI) thanks to 
its high optical transparency in the vis-
ible spectral range.[1] CuI has a wide 
direct bandgap (3.1  eV)[2,3] and typically 
shows p-type semiconductivity due to its 
copper vacancies. These provide an out-
standing hole mobility (44 cm2 V−1 s−1).[4]  
Therefore, the performance of CuI sur-
passes other, oxide-based p-type semicon-
ductors.[5] Tuning of the stoichiometry 
enables a wide range of carrier concen-
trations (1016 to 1020 cm−3) and allows to 
control the p-type conductivity (maximum:  
283 S cm−1).[3,6] These superior electrical 
properties of CuI are based on two rea-
sons: First, the electronegativity of iodine 
is smaller than that of oxygen, introducing 
an acceptor state with more delocalized 
holes above the valence band maximum.[5] 
Second, the large I− radius (220 pm) and 
the three outermost p-orbitals provide suf-
ficient orbital overlap for fast hole trans-
port.[3] As an additional asset, CuI consists 

of abundant, nontoxic, and low-cost elements. For these rea-
sons, CuI has been reported for numerous applications such 
as transparent conductors,[7] thermoelectric devices,[8–10] hetero-
junction diodes,[5,11–15] thin-film transistors,[16–20] and solar 
cells.[21–25]

Out of these applications, in particular the young research 
field of perovskite solar cells (PSCs) has become highly prom-
ising in the past decade due to its potential to deliver low-
cost solar energy using abundant materials.[26] PSCs recently 
reached a power conversion efficiency (PCE) of 25.5%[27,28] 
which is close to the PCE of conventional Si-based solar 
cells. PSC structures consist of a halide perovskite (e.g., 
CH3NH3PbI3, CsPbI3, CsSnI3) as the light harvesting layer, 
which is sandwiched between a n-type electron transport layer 
(ETL) (e.g., n-TiO2) and a p-type hole transport layer (HTL) (e.g., 
p-CuI).[29,30] However, for PSCs to become widely commercially 
available requires thin film deposition methods which are scal-
able to large substrate areas and preferably complex-shaped 
surfaces.[31–34]

We believe to overcome this challenge by employing 
atomic layer deposition (ALD). ALD has enabled many indus-
trial applications, such as electroluminescent displays[35] and 
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1. Introduction

The search for high-performance transparent p-type conductors 
has been a major challenge for the development of transparent 

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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microelectronics.[36] Reason for that is its excellent capability to 
deposit uniform and conformal thin films.[37–40] Although ALD 
is considered to be rather slow and expensive compared to other 
thin film deposition techniques, its inherent scalability to large 
areas and batches, or alternatively to roll-to-roll processing,[41,42] 
enables high throughput which outbalances its slowness. The 
highest reported throughput is 10  000 silicon solar cells per 
hour being encapsulated and passivated with ALD Al2O3.[43]

Although CuI has been reported to be grown by numerous 
thin film deposition methods at low temperatures,[3,44,45] cur-
rently ALD lacks processes to deposit CuI. The library for ALD 
processes[46] is vast and to date exhibits more than 1400 pro-
cesses for over 500 compounds. However, the field of ALD 
metal halides is yet largely unexplored. In particular, for metal 
iodides only three processes exist so far—two for PbI2

[47,48] and 
the one for CsI[49] that we developed recently.

Developing an ALD process for CuI was challenging. As a 
first approach, we tried to apply similar chemistry as what has 
been used for ALD of metal fluorides. These processes typically 
rely on β-diketonates as metal precursors and volatile metal 
fluorides as halide precursors. We used copper(II) acetylaceto-
nate (Cu(acac)2) or bis(2,2,6,6-tetramethyl-3,5-heptanedionato) 
copper(II) (Cu(thd)2) as the copper precursors and titanium(IV) 
iodide (TiI4) as the iodine precursor. However, these precursor 
combinations yielded only particle deposits rather than contin-
uous films. Furthermore, the growth per cycle (GPC) ≤0.04 Å 
per cycle of these processes were extremely low. Therefore, we 
outreached for a different approach to make CuI thin films by 
ALD.

The solid–gas reaction approach that we reported previ-
ously[50] to convert PbO2 films into PbI2 films by exposure to 
hydroiodic acid (HI) vapor gave us new motivation. We hypoth-
esized that the exposure of an ALD CuO thin film[51] to HI vapor 
would trigger a similar conversion reaction, resulting in a CuI 
thin film. Although this approach would include a second, non-
ALD step, it could still maintain the advantages of ALD to make 
thin films for scalable and conformal applications, such as for 
PSCs. As an additional asset, the low deposition temperature 
of the underlying CuO ALD process would make it compatible 
with various substrates, such as perovskites in a nip-junction.

We herein report a new conversion pathway to form CuI 
thin films from ALD CuO thin films and HI vapor. The 
CuO thin films were prepared according to literature[51] from 
bis(dimethylamino-2-propoxy) copper(II) (Cu(dmap)2) as the 
copper precursor and ozone as the oxygen precursor. The con-
version of these films was performed at room temperature in 
a reduced pressure glass reactor by exposure to HI vapor. The 
demonstrated pathway is fast, simple, and straightforward and 
yields phase pure, uniform, and high purity CuI thin films. 
Owing to the low deposition temperature (80–140  °C) used in 
the underlying CuO ALD process, we demonstrate formation 
of CuI thin films on various substrates: silicon, sapphire, amor-
phous Al2O3, and γ-CsPbI3 perovskite. We used n-type TiO2 as 
a substrate and formed a pn-junction to fabricate a diode struc-
ture as proof-of-concept device. Moreover, for the application of 
CuI as the HTL in the nip-configuration PSCs, we successfully 
deposited CuI on γ-CsPbI3 perovskite to demonstrate the com-
patibility of this process with a halide perovskite as a substrate.

2. Results and Discussion

2.1. Film Deposition

We deposited ALD CuO thin films on silicon, Al2O3 and TiO2 
substrates using the optimized parameters given in literature[51] 
and varying the number of deposition cycles (Figure 1a). We 
found different GPC values on these substrates, the one on Si 
being 0.30 Å per cycle which is in excellent agreement with the 
literature value. On Al2O3 and TiO2, we observed slightly lower 
GPCs of 0.25 and 0.19 Å per cycle, respectively.

Conversions of the ALD CuO thin films were performed at 
room temperature in a small glass reactor containing a glass 
boat filled with 200  µL of hydroiodic acid (HI) (for detailed 
experimental setup, see Figure S1, Supporting Informa-
tion). The conversion of CuO to CuI starts immediately upon 
reducing the pressure in the reaction chamber and is fast and 
straightforward. The glass reactor allowed us to visually observe 
the progress of the conversion reaction (Video S1, Supporting 
Information). The visual appearance of the films changed 
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Figure 1. a) CuO film thickness on Si, Al2O3, and TiO2 substrates as a function of the number of deposition cycles, deposited at 120 °C with pulse 
durations of 2.0 s for both Cu(dmap)2 and O3, and 2.0 s purge durations. b) Thicknesses of the converted CuI films as a function of the initial CuO 
film thicknesses on Si.

Adv. Mater. Interfaces 2022, 2201860

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201860 by U
niversity O

f H
elsinki, W

iley O
nline L

ibrary on [04/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2201860 (3 of 8) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

during the conversion due to changes in the bandgap, thick-
ness and roughness of the film, which translate into changes 
in the reflectance and transmittance. Therefore, completion of 
the conversion is indicated by the lack of further changes in the 
film appearance. The reaction front advances from the edges of 
the CuO film toward its center. We saw no changes in the film 
color after 60 s, but to ensure full conversion, we exposed the 
CuO films to the HI vapor for 5 min.

The converted CuI film thicknesses differed strongly from 
the initial ALD CuO film thicknesses. We observed in average 
a 2.4-fold thickness increase upon conversion on all substrates 
(Figure  1b, for information on other substrates see Figure S2, 
Supporting Information). This can be traced back to the larger 
sum of ionic radii of Cu+ and I− (3.0 Å) compared to that of Cu2+ 
and O2− (2.1 Å) and the consequent molar volume difference of 
CuI (33.6 cm3 mol−1) compared to that of CuO (12.6 cm3 mol−1).

We faced challenges when converting very thin or thick 
ALD CuO films to CuI on different substrates. With thin ini-
tial CuO films (<25  nm thickness), we observed pinholes in 
the converted CuI films on soda lime glass, Al2O3 and TiO2 
substrates (Figures S3 and S4, Supporting Information). On 
Si, CuI films were pinhole-free from initial CuO thicknesses 
≥50 nm (Figure S3, Supporting Information). Changes in tem-
perature (<0  °C), pressure or HI concentration still yielded 
phase-pure CuI, but did not show any minimizing effect on 
the number of pinholes in the converted films (Figure S5, 
Supporting Information). Another challenge occurred upon 

conversion of thick CuO films (>100  nm thickness). Some 
of these films spontaneously burst and peeled off of the sub-
strate upon conversion (Video  S2, Supporting Information). 
We observed the same behavior on other substrates (TiO2 and 
amorphous Al2O3), too, when the initial CuO film thickness 
exceeded 100 nm. That is why we suspect the strong thickness 
increase mentioned previously to result in a critical stress in 
the converted CuI films which can cause them to burst off of 
the substrate. For these reasons, we conclude that this process 
works well with initial CuO films in a thickness range between 
25–100 nm.

2.2. Film Properties

X-ray diffraction (XRD) measurements confirmed the phase-
purity of all ALD deposited CuO and converted CuI thin films 
(Figure 2a,b). We deposited CuO films at several temperatures 
(80–140  °C) and verified the desired monoclinic tenorite[52] 
phase in the whole temperature range. After the conversion, we 
were able to assign all the reflections to the γ-CuI phase without 
traces of residual crystalline CuO.

Evaluation by top-down field-emission scanning electron 
microscopy (FESEM) showed that both the ALD CuO and 
the converted CuI thin films were continuous, uniform and 
pinhole-free. It also revealed that the grains of the CuI thin 
films are much larger compared to the initial ALD CuO grains 

Figure 2. GIXRD patterns of a) ALD CuO films deposited on Si at different temperatures and b) the corresponding converted CuI thin films. Top-down 
FESEM images of c) a CuO thin film deposited on Si with 4440 cycles at 120 °C and d) the corresponding converted CuI film. Cross-sectional FESEM 
images of e) a ALD CuO thin film deposited on Si with 4440 cycles at 120 °C and f) the corresponding converted CuI film. g) Cross-sectional FESEM 
image of a hole with 6:1 AR in a patterned Si substrate. CuO was deposited first, followed by conversion to CuI. ALD CuO was deposited at 120 °C 
with 2140 cycles.
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(Figure  2c,d). Cross-sectional FESEM images (Figure  2e,f) 
confirm the significant thickness increase upon conversion, 
which is in agreement with our previously mentioned find-
ings (Figure 1b). The conformality advantage of ALD is retained 
in our approach for making CuI films from ALD CuO films. 
Without any process parameter optimizations, we were able to 
deposit a CuO film with good conformality in holes with 6:1 
aspect ratio (AR) and successfully convert it to CuI (Figure 2g).

The surface roughnesses Rq of the CuI films measured by 
atomic force microscopy (AFM) increased significantly com-
pared to the initial CuO surface roughness (Figure 3a). We 
measured Rq values from films deposited at different temper-
atures (80—140  °C). While the ALD CuO process deposited 
smooth films (Rq < 2 nm) in the whole temperature range, we 
saw the appearance of pinholes after the conversion of films 
deposited at 80  °C, causing a drastic increase in the CuI sur-
face roughness. These findings were consistent with the previ-
ously mentioned observations: pinholes occurred only in CuI 
films converted from thin CuO films with < 25 nm in thickness 
(Figure 3b). As evident from literature,[51] CuO films grown at 
lower deposition temperatures with the same number of cycles 
are thinner due to their smaller GPC. In comparison, CuI films 
made from CuO films deposited at 100  °C and above showed 
much smoother surfaces thanks to the lack of pinholes. The Rq 
gradually increased toward the higher end of the temperature 
range due to grains growing larger.

Characterization of film compositions with ToF-ERDA before 
and after the conversion showed that the films were stoichio-
metric CuO and CuI, respectively (Table 1). The Cu to O ratio 
for the CuO, as well as the Cu to I ratio for the CuI were close 
to 1:1. There was only a small amount (< 2 at%) of light element 
impurities in both films. Most notably, oxygen was detected in 
CuI, which made us to suspect whether the conversions were 
complete. However, as evident from the ToF-ERDA depth pro-
files, we were able to assign the oxygen to the native SiO2 layer 
on the Si substrate (Figure S6, Supporting Information). There-
fore, the remarkably low O impurity level in the converted CuI 
films highlights the facility and completeness of this film prep-
aration pathway.

We found the optical properties of both the ALD CuO 
and converted CuI films to be in good agreement with those 
reported in literature. The ALD CuO films appear brownish-
dark and absorb in the visible range (Figure 4a), whereas the 
converted CuI films are transparent in the visible range and 
absorb in the UV range (Figure 4b). We attribute these absorp-
tions to the bandgap absorptions of both materials. The band-
gaps determined from the respective Tauc plots[53,54] (Figure  4 
insets) for CuO (indirect, 1.1  eV, lit.: 1.0–1.4  eV)[55] and CuI 
(direct, 3.0  eV, lit.: 3.1  eV)[2] were in excellent agreement with 
the literature values.

Electrical properties of the ALD CuO and converted CuI 
thin films were determined via 4-point-probe sheet resistance 
measurements from films deposited at different temperatures 
(80–140 °C) (Figure 5a). The CuO thin films showed typical[51] 
resistivities (20–300 Ω cm), whereas the CuI films exhib-
ited much lower resistivities (≈30 mΩ cm). This feature was 
reported previously[5] for CuI films made by solid iodination due 
to an excess of carrier density. The carrier density in our CuI 
films could be decreased by an inert gas postanneal as sug-
gested by an observed increase of the resistivity[5] to 68 mΩ cm. 
Resistivity values reported for CuI films deposited by other 
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Figure 3. a) AFM roughness Rq as a function of the CuO deposition temperature. b) AFM images of CuI films after the conversion from ALD CuO 
films deposited at different temperatures. CuO films were deposited with 1000 cycles.

Table 1. ToF-ERDA elemental composition analysis of ALD CuO and cor-
responding converted CuI thin films.

Sample Film thickness [nm] Elemental ratio Element atom %

Si/CuOa) 144 O: Cu
1.03

H 0.9
C 0.5
N 0.3
O 49.8
Cu 48.5

Si/CuI 318 Cu: I
1.08

H 0.4
C 0.3
N 0.1
O 0.9

Cu 51.0
I 47.3

a)Film deposited at 120 °C with 4440 cycles.

Adv. Mater. Interfaces 2022, 2201860

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201860 by U
niversity O

f H
elsinki, W

iley O
nline L

ibrary on [04/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com
www.advmatinterfaces.de

2201860 (5 of 8) © 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

methods are 54 mΩ cm by sputtering,[56] 100 mΩ cm by PLD,[57] 
and 74 mΩ cm by thermal evaporation.[58] Our CuI films were 
p-type, as determined by the hot-point probe technique.

To verify the easy and straightforward applicability of CuI 
thin films made by this route, we demonstrate the deposi-
tion of CuI on ALD n-type TiO2

[59] to form a pn-junction as a 
proof-of-concept diode structure. After the conversion to CuI, 
we performed a post-anneal in N2 atmosphere at 150  °C for 
1  h to increase the resistivity of CuI according to literature.[5] 
We measured the current-voltage (I–V) curve of a pn-junction 
made from 58 nm thick CuI on 73 nm thick TiO2 (Figure 5b). 
The shape of the resulting curve is typical for a diode. Without 
any further process optimizations an ideality factor of η  = 4.4 
was determined for this diode structure (Figure S7, Supporting 
Information). Large ideality factor values > 2 were reported 
previously[60,61] and indicate, e.g., series resistance, interface 
interdiffusion, or a strained interface.

To prove the compatibility of our process with a halide 
perovskite in PSC applications, we prepared a CuO film via 
ALD on γ-CsPbI3 perovskite and subsequently converted it to 
CuI without affecting the perovskite. This was considered chal-
lenging since γ-CsPbI3 can easily transform into its nonperovs-
kite δ-CsPbI3 phase upon exposure to oxygen and/or at elevated 
temperatures. For this reason, we chose the lowest possible 
deposition temperature for the ALD CuO process (80 °C). Fur-
thermore, to decrease the exposure of the perovskite to the pre-
cursor pulses during the ALD CuO process, we decreased both 
pulse durations to 0.5 s for the first 100 cycles. The resulting 
CuO film was amorphous and the sample did not show any 
other reflections in the X-ray diffractogram than those of 
γ-CsPbI3, thereby verifying that it was unaffected by the CuO 
deposition (Figure S8, Supporting Information). Even though it 
was not possible to characterize the CuO by grazing incidence 
XRD (GIXRD), we were able to indicate the CuO deposition 
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Figure 4. a) Transmittance spectra of a 75 nm CuO film on a sapphire substrate. Inset shows the Tauc plot of the CuO film. b) Transmittance spectra 
of the corresponding converted CuI film on a sapphire substrate. Inset shows the Tauc plot of the CuI film.

Figure 5. a) Resistivity as a function of the CuO deposition temperature for CuO and the corresponding converted CuI thin films. b) Current density 
as a function of applied voltage (I–V) from a CuI-TiO2 pn-junction. Inset: Experiment setup scheme.
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from EDS line scans (Figure S9, Supporting Information). 
The SEM images reveal that the CuO film uniformly encap-
sulates the γ-CsPbI3 film without the appearance of pinholes 
(Figure 6a,  top row). After converting the CuO to CuI, clear 
reflections in the X-ray diffractogram indicate the formation 
of CuI without affecting the underlying γ-CsPbI3 (Figure  6b). 
SEM images support this conclusion by demonstrating a uni-
form and pinhole-free CuI film encapsulating the γ-CsPbI3 film 
(Figure 6a, bottom row).

3. Conclusion

We described a new two-step approach for the deposition of 
transparent and conductive p-type CuI thin films. Our approach 
relies on ALD as a key method to enable conformal and scal-
able thin film deposition which is crucial for many applica-
tions, such as PSCs. We deposited CuO thin films by ALD and 
subsequently converted them by exposure to HI vapor at room 
temperature into phase-pure and uniform CuI thin films of 
high purity. The conversions were fast (5  min) and easily set 
up. Challenges occurred upon conversion of very thin or thick 
CuO films: thin initial films (< 25 nm) had pinholes after the 
conversion, whereas thick initial films (> 100  nm) tended to 
burst and peel off of the substrates during the conversion. Fur-
thermore, we successfully demonstrated CuI deposition on sev-
eral substrates, such as amorphous Al2O3, γ-CsPbI3 perovskite 
and n-type TiO2. The successful deposition of CuI on γ-CsPbI3 
proves the compatibility of our process for using CuI as the 
hole transport layer in perovskite solar cell applications in a 
nip-configuration. With the resulting n-TiO2/p-CuI structure 
we fabricated a diode structure as a proof-of-concept device. We 
believe that the ALD-based approach described in this work will 
offer a viable alternative for depositing transparent p-type con-
ductive CuI thin films in applications that involve complex high 
aspect ratio structures or large substrate areas.

4. Experimental Section

Film Deposition: CuO thin films were grown in a commercial 
cross-flow F-120 ALD reactor (ASM Microchemistry Ltd., Finland) 

under reduced nitrogen pressure (99.999%, AGA, about 10  mbar) at 
different temperatures. Nitrogen was used as a carrier and purging 
gas and led into the reactor through a gas purifier (SAES Pure Gas, 
MC1-902F, H2O, O2, CO, CO2, H2, nonmethane hydrocarbon (NMHC) 
removal <1 ppb). Precursor pulsing was realized by inert gas valving. 
The CuO depositions were carried out using synthesized solid 
bis(dimethylamino-2-propoxy) copper(II) (Cu(dmap)2) and ozone 
(O3). Cu(dmap)2 was synthesized following the procedure reported 
in literature[62] and sublimed from an open quartz boat held inside 
the reactor at 65  °C. Ozone was produced from oxygen (Woikoski, 
99.999%) using a Wedeco Ozomatic Modulator 4 HC Lab Ozone 
generator (ozone concentration of ≈100 g Nm−3) and introduced to the 
reactor using needle and solenoid valves.

Primarily native oxide covered 5 × 5 cm2 silicon (100) (Si, Okmetic) 
was used as a substrate for the CuO depositions. Additionally, for 
some depositions sapphire wafers (2″, University Wafer) were used 
as substrates. Sapphire wafers were heated at 1000  °C in an air oven 
for 2  h to induce atomic step formation.[63,64] Prior to deposition, all 
substrates except sapphire were cleaned in an ultrasonic bath, first in 
a solution of industrial strength cleaning concentrate (Branson) for 
20 min at 50 °C, then in H2O for 10 min at RT, and then in isopropanol 
for 10  min at RT. Cleaned substrates were dried in an oven at 100  °C 
and blown with N2.

Al2O3 and TiO2 underlayers (5  nm) were deposited at 75  °C with 
a Picosun SUNALE R-150 ALD reactor using the Al(CH3)3-H2O and 
TiCl4-H2O processes, respectively. In both processes pulse and purge 
durations were 0.1 and 25 s, respectively. TiO2 for the pn-junction 
structure was deposited with a F-120 ALD reactor on fluorine-doped tin 
oxide (FTO) at 250 °C using the Ti(OCH3)4-H2O process.[59] Ti(OCH3)4 
(95%, Sigma-Aldrich) was sublimated at 130  °C. Pulse and purge 
durations were 1.0 s.

The ALD CsPbI3 underlayer (200  nm) was made with a F-120 ALD 
reactor on Si with a two-step process described earlier.[49] First, CsI was 
deposited with an ALD process at 150 °C and subsequently the film was 
exposed to the PbI2 ALD process at 100 °C resulting in the CsPbI3. For 
the CsI ALD process the pulse durations were 1.5 and 0.5 s for Cs(btsa) 
and SnI4, respectively, purge durations were 1.0 s, and 300 cycles were 
applied. For the PbI2 ALD process, the pulse durations were 0.8 and 
2 s for Pb(btsa)2 and SnI4, respectively, purge durations were 1.0 s, and 
3000 cycles were applied on top of the CsI to convert it to CsPbI3. ALD 
CuO was deposited on top of CsPbI3 at 80 °C by first applying 100 cycles 
using 0.5 s pulse durations for both O3 and Cu(dmap)2 precursors and 
2.0 s purge durations, and subsequently applying 1900 cycles using 2.0 s 
of both pulse and purge durations.

Conversion to CuI: Gas phase conversions were performed in a 100 mL 
Erlenmeyer glass flask reactor containing a glass boat filled with 200 µL 
hydroiodic acid (Sigma-Aldrich, 55%, no stabilizer) and ALD CuO thin 
film samples on a titanium sample rack. Hydroiodic acid was fresh and 

Figure 6. a) Top-down (left) and cross-sectional (right) SEM images after deposition of ALD CuO on γ-CsPbI3 used as a substrate (top) and after 
conversion of CuO into CuI (bottom). b) Corresponding GIXRD patterns of initial γ-CsPbI3 used as a substrate and after deposition CuI on top of it.
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stored in a refrigerator, and a micropipette was used for the transfer 
into the quartz boat. Reactions were performed at room temperature 
for 5 min under reduced pressure (<1 mbar). In addition, some of the 
reactions used a cooling bath (MGW Lauda RM6, 50/50 ethylene glycol: 
water) to reduce the conversion temperature.

Film Characterization: Surface morphology of the films was 
examined with a Hitachi S-4800 field emission scanning electron 
microscope (FESEM). CuI film thicknesses were determined from 
energy-dispersive X-ray spectroscopy (EDS) data measured using 
an Oxford INCA 350 microanalysis system connected to the FESEM. 
The thicknesses were calculated from the EDS data with GMRFilm 
software[65] using bulk density of CuI (5.67  g cm−3). The errors in 
thickness values were estimated using weight % uncertainty in the 
EDS measurements and the propagation of uncertainty expression. 
Element concentrations were estimated from EDS data using IL-α, and 
Cu Kα lines.

GIXRD patterns were measured with a Rigaku Smartlab diffractometer 
using a Cu Kα (λ  = 1.54  Å) X-ray beam and parallel beam optics. For 
CuO and CuI films an incidence angle of 1° was used in the GIXRD 
measurements. CuO film thicknesses were determined from X-ray 
reflectivity (XRR) measurements.

Element contents in the films were evaluated with time-of-flight 
elastic recoil detection analysis (ToF-ERDA) with a 40° scattering angle 
with 20° beam-in and recoils-out geometry with respect to the target 
surface. The applied Br8+ beam energy was 40 MeV.

Optical measurements (UV–vis) were performed with a Hitachi 
U2000 spectrophotometer. Transmittance spectra measured from 
samples deposited on sapphire were used for the construction of Tauc 
plots from which the optical bandgaps were estimated.[53,54] Based on 
literature, the bandgap of CuO was assumed to be indirect allowed, 
whereas the bandgap for CuI was assumed to be direct allowed.

Atomic force microscopy (AFM) was performed using a Veeco 
Multimode V instrument. Tapping mode images were captured in air 
using silicon probes with a nominal tip radius of 10 nm and a nominal 
spring constant of 3 N m−1 (NTESP-75 from Bruker). Images were 
flattened to remove artefacts caused by a sample tilt and a scanner bow. 
Measurements were taken from 1 × 1 µm2 sample areas. Roughness was 
calculated as root-mean-square (Rq) value.

Resistivity of the films deposited on soda-lime glass was measured 
with a 4-point-probe system (CPS Probe Station, Cascade Microtech) 
connected to a Keithley 2400 source meter. The same source meter 
was used for current-voltage (I–V) measurements of the pn-junction 
structures. In the I–V measurements, the contacts were made with 
needle probes to FTO and CuI. InGa eutectic (≥99.99%, Sigma-Aldrich) 
was applied to the contact area.

The ideality factor was determined from the slope of a linear fit in the 
low voltage region of the ln|I|/V curve.
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