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ABSTRACT: Copper iodide (Cul) is recognized as a promising p-  0° ' 70° ’75° ‘80°
type transparent material with excellent thermoelectric properties.
Cul thin films are typically produced by depositing a copper layer,
followed by iodination. However, this process poses challenges in 2 e
controlling the film’s structure, often leading to excessive grain f ]
growth in Cul and reduced optical clarity due to increased light e S N e
scattering from larger grains. In our study, we introduce an : * %

innovative method to regulate the structural characteristics of Cul -

films by employing the glancing angle deposition (GLAD) g |

technique in depositing the initial copper layer. This method

creates nanostructured copper films that guide the formation of

Cul grains during vapor iodination. By varying the deposition angle and iodination time, we adjust the size and shape of the
synthesized Cul nanostructure-sized grains. This directly enhances the thermoelectric properties and the transmittance of the Cul
films. We observe that our Cul films result in a 43% increase in Seebeck coefficient (S) of 352 V/K, leading to a 90% enhancement
at room temperature with a power factor of 339 yW/mK?* compared to the previously reported Cul prepared by the vapor iodination
method. Additionally, these nanostructured films exhibit high transparency with a transmittance of 85% at a 560 nm wavelength,
demonstrating superior optical properties at this wavelength. These results highlight the potential for integrating nanostructured p-
type transparent materials into smart windows and cooling systems for optical chips.

Thermoelectric ' Thermoelectric ‘ Thermoelectric ‘Tnermoelectric

KEYWORDS: copper iodide, glancing angle deposition, vapor iodination, thermoelectric, transparent

1. INTRODUCTION vapor phases.” "' Depending on the fabrication technique,
only the submicron Cul films show enhanced transparency'”
and thermoelectric properties. The iodination process, central
to Cul synthesis, involves the chemical reaction between
copper and iodine, described as

In recent years, the study on the zinc blende phase of Cul (y-
Cul) has gained interest as a transparent p-type thermoelectric
material.' > P-type thermoelectric materials are crucial for
efficient thermoelectric devices as they complement trans-

parent n-type materials like ITO,® in creating thermoelectric 2Cu + I, —» 2Cul (1)
modules that can convert heat into electricity. While there has

been significant progress in using ITO, there is a notable lack In this reaction, the copper metal reacts with iodine vapor to
of a high-performance transparent p-type thermoelectric form copper iodide (Cul), which crystallizes in the zinc blende
counter material in thermoelectric generators. This gap limits (y-phase) structure, which is stable at room temperature.

Vapor iodination allows for efficient conversion of Cu to Cul,
yielding thin films with high transparency and p-type
conductivity. Effective thermoelectric materials are anticipated
to exhibit a high power factor'*~"> PF = S? 6, where § is the

the development of advanced applications like transparent
electronics, smart windows, and on-chip cooling systems,
making the discovery of transparent p-type materials crucial for
future technologies.'” More specifically, the y-phase of Cul is
dominant at room temperature™’ and can be produced by

employing physical vapor deposition (PVD) methods."”** The Received:  October 24, 2024 —
first thin film of Cul as a transparent conductive material was Revised:  December 9, 2024 )
reported in 1907 by Badeker after exposing Cu thin film to Accepted: December 10, 2024
iodine via the vaporization method.® Since then, various Published: December 17, 2024
techniques have been incorporated for producing Cul thin

films from Cu, followed by iodination through solid, liquid, or

© 2024 The Authors. Published b
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Figure 1. (a) Fabrication process of Cul thin film using the GLAD, (b) photograph showing the transparent thin film at different GLADs, and (c)
GIXRD spectra of Cul thin films grown by the vapor method at different GLADs.

Seebeck coefficient and o is the electrical conductivity. Thus, a
good thermoelectric material should possess both high S and
high 6. The highest S reported for Cul is 308 xV/K with a
corresponding PF of 0.17 W/ m-K2.'® The PF from liquid and
vapor iodinations is reported as 170 yW/ m-KZ,17 and 13 uyW/
m-K*'® respectively, while the solid iodination resulted in a
notably high PF of 470 yW/m-K*" but suffered from scalability
challenges. The thermoelectric performance along with high
transmittance can be optimized by controlling the nanoscale
structural features, particularly by adjusting the grain size.
Smaller grains increase the number of grain boundaries, which
enhances phonon scattering.'” This improved scattering helps
maintain a high Seebeck coefficient by reducing heat loss,
thereby leading to an increased power factor. Fine-tuning the
grain size at the nanoscale thus becomes essential for tailoring
the thermoelectric behavior, emphasizing the multifaceted
nature of factors influencing the overall performance of these
films. Glancing angle deposition (GLAD) is particularly
effective in achieving smaller grain sizes due to the shadowing
effect, which limits lateral growth and produces nanostructured
films with more uniform and compact grains.”’~>

In addition to the thermoelectric properties, the nanoscale
grain structure of Cul films significantly impacts their optical
performance. Previous studies have reported lower optical
performance'”'® due to haziness caused by extensive grain
growth and thickness™* of Cul during prolonged iodination
from 30 min to 2 h as observed by Herrick in 1963.° On the
contrary, reaction times enable the fabrication of films with
optical properties close to those obtained via the solid
iodination route,” but at the cost of limited control over the
iodine content in the film. Nevertheless, iodine-rich reaction
conditions are preferred to ensure an adequate supply of
iodine, which reduces iodine vacancies and defects in Cul
crystals."®?° This results in high-quality films with an improved
performance.
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In this study, we introduce the GLAD technique to
investigate the thermoelectric and optical properties of Cul
thin films. The nanostructured Cu films, formed through
GLAD, guide the formation of the Cul films upon iodination
by limiting grain growth and tailoring nanoscale features. We
obtain a significantly high Seebeck coeflicient of 352 4V/K and
a correspondingly high power factor as a function of increasing
glancing angle for Cu deposition. The resulting films are more
transparent than those reported earlier.’ The transmittance
maximum due to thin film interference is shown to vary
between 75 and 90% in the wavelength region of 500—900 nm,
highlighting their potential for advanced transparent thermo-
electric applications.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Cul samples were prepared by
depositing Cu thin film onto soda-lime glass substrates of sizes 4
mm X 20 mm and 10 mm X 10 mm using electron beam-assisted
(EBA) evaporation (Angstrom Engineering) from the Cu target (99%
purity). To ensure cleanliness, all substrates underwent ultrasonic
cleaning with acetone, isopropyl alcohol (IPA), and deionized water
(DIW) for S min at room temperature, followed by drying under N,
flow. The deposition of the Cu thin film was carried out in a vacuum
ranging between 107° and 1077 Torr. The evaporation was conducted
at a deposition rate of 0.2 nm/s. The target thickness of Cu film was
fixed at 200 nm with the variation in glancing angle deposition
(GLAD) of 0, 70, 75, and 80° for the substrates concerning the target
in the deposition chamber. Also, to compete with the actual thickness
of Cu deposited at 70, 75, and 80° GLAD, 50 nm Cu was deposited at
0° GLAD. The substrate-carrying stage was rotated at a speed of 20
rpm to improve the uniformity of the film.

After that, 4 g of iodine crystals were heated in a corked glass flask
to 130 °C for 4 min to obtain a sufficient amount of iodine vapors.
Next, as-deposited copper substrates were simultaneously placed
inside this flask for 30, 60, and 120 s on a three-dimensional (3D)-
printed stage specifically designed for this experiment. Lastly, Cul thin
films were washed with IPA immediately after iodination to remove
individual iodine particles deposited from hot iodine gas condensing
on the cold corner spots of the substrate. Finally, electrical contact

https://doi.org/10.1021/acsanm.4c06004
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pads of Ti/Au (5/40 nm) were deposited using EBA, maintaining the
rest of the parameters the same as used for the Cu deposition.

2.2. Structural Characterization. The thickness of the Cu and
Cul films was measured using a profilometer (Dektak/XT). The
crystallographic analysis of Cul thin films was conducted with grazing
incidence X-ray diffractometry (GIXRD) on a Rigaku Smartlab
diffractometer using copper Ka radiation (4 = 1.5418 A). XRD
patterns were collected over a 26 range of 20—80°. The surface
morphology of the films was studied by a scanning electron
microscope (SEM EBL Zeiss Supra 40), and the grain size of the
Cul crystals was measured by analyzing SEM images using Image]
software (details are shared in the Supporting Information). Sample
surfaces were further scanned for measuring the roughness of the films
by atomic force microscopy (AFM, Bruker Dimension Icon). The
transmittance spectra were recorded in the visible range of 400—900
nm under normal incidence using a custom-made setup based on a
halogen lamp and a spectrometer (OceanOptics Flame—S-ultra-
violet—visible (UV—vis)). The beam diameter of the sample was 1
mm. The Seebeck coefficient and the in-plane resistivity were
measured for Cul thin films under a He atmosphere on an LSR-3
(Linseis) system with five temperature gradients with 10 min
stabilization time for each gradient. The LSR-3 measurement details
and the comprehensive analysis of the film properties are thoroughly
discussed in a previous study.”’” Lastly, the Hall mobility(x) of the
samples was obtained from 10 X 10 mm?® with electrical contacts
using the Hall Measurement System (HMS-5300 Ecopia) in a Van
der Pauw configuration. All of the measurements were conducted at
room temperature.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Properties. The
measured film thickness of as-deposited Cu (with fixed
nominal thickness of 200 nm) at 0, 70, 75, and 80° GLAD
was 167, 57, 48, and 34 nm, respectively. The fabrication
process for Cul films is shown in Figure 1. The film thickness
decreases with an increase in the deposition angle. This is
because the sensor in the evaporation system has been
calibrated for the substrate stage at a 0° angle. The
corresponding Cul film thickness (for nominal 200 nm) at 0,
70, 75, and 80° GLAD after 2 min long iodination was
observed to be 1.01 pm, 288, 260, and 135 nm, respectively.
To compete with the thickness of the as-deposited Cu thin
film, a nominal thickness of 50 nm was chosen for the 0°
GLAD instead of 200 nm, as its actual thickness corresponds
more closely to the actual thickness of the other three samples
at 70, 75, and 80° with a nominal thickness of 200 nm reported
in Table 1. The thicknesses of all other samples prepared at the
30 and 60 s were also measured and are reported in S1—S4.

Insight into the crystalline structure of the films was
obtained through GIXRD measurements. The crystallography
of Cul thin films obtained at different GLADs is shown in
Figure 1. The diffraction peaks that were obtained at 25.5,
29,42.5, 50, 67, and 76° confirm the polycrystalline nature of
all of the Cul thin films.'"®*® The maximum intensity peak

Table 1. Actual Thickness of As-Deposited Cu, Cul Thin
Films, and the Average Grain Size Measured at Different
GLADs of 0, 70, 75, and 80°

thickness thickness (nm) average grain size (nm) of a Cul
GLAD (nm) Cu film Cul film grain on the surface
0° 41 + 3 213,77+ 4 247 £ 9
70° 57 £ 0,6 288 + 2 173 £ 9
75° 48 + 0,2 260 + 1 164 + 15
80° 34 + 0,4 135 +2 121 + 13 (very small)

takes place at 25.5° indicating that the film growth is directed
along the (111) plane. The sharpest peaks are observed at 80°
GLAD grown films as seen in Figure lc. This confirms the
presence of well-defined crystallographic planes within this
crystalline Cul. The diffractographs match JCPDS-06—0246
for the Zinc blend structure of the y-Cul phase.”””*° The
average crystallite size (D) is calculated using the Debye—
Scherrer equation”

091
- p cos O ()

where # = fwhm (in radians), 6 = peak position (in radians),
and A = 1.5418 A. The average crystallite size (calculated from
XRD pattern) is found to be 24 nm for 2 min iodination at 80°
GLAD, which is smaller than the average grain size determined
by SEM (crystallite sizes of other samples are reported in S5).
This indicates that multiple similarly oriented crystallites
agglomerated’ to form larger Cul grains as observed in the
SEM images (Figure 2). The surface view SEM images of as-
deposited Cu films at different angles reveal variations in the
granular structure as a function of GLAD, as shown in Figure
2(a—d). These structural changes in as-deposited Cu films
subsequently influence the formation of Cul in the resulting
thin films, as can be seen in Figure 2e—2h. At 0° GLAD, Cu is
deposited more uniformly, leading to a denser film with almost
zero voids, as seen in Figure 2a. At higher angles, the film tends
to be more porous, as observed in Figure 2b—d. This increased
porosity is linked to a decrease in the film’s overall density, as a
film with less material is packed into the same volume. This
effect occurs because the shadowing effect becomes more
pronounced at higher angles.”* It appears that the porous
structure provided a larger surface area and more nucleation
sites for the iodination reaction, which might have encouraged
the growth of smaller Cul grains at different GLADs. It also
shows the random distribution and orientation of faceted
crystals composed of diverse sizes in the range from 85 to 270
nm. The average grain sizes after 2 min iodination are
measured from SEM micrographs using Image] software being
reported in Table 1. The average grain size of 121 + 13 nm
was observed in 80° GLAD Cul nanostructured film which is
35% smaller than the grain size of 186 nm reported by
Faustino et al.’

Topography of the films was observed using AFM, and RMS
roughness values were measured for Cul thin films at 0, 70, 75,
and 80° GLAD as 11.3, 16, 11.6, and 9.3 nm, respectively.
Despite the presence of grains of varying sizes, the overall
height variations across the surface average to a low value, as
indicated by the RMS roughness. This measurement reflects
the overall smoothness of the film surface. Consequently, the
RMS roughness values suggest that variations in the surface
texture and uniformity at different orientations could influence
the film’s optical and thermoelectric properties. The topo-
graphical data with its 3D representation within Cul films can
be seen in S9 of the Supporting Information.

3.2. Thermoelectric Properties. Seebeck coefficient and
charge carrier concentrations are obtained as positive, which
confirms the p-type semiconductor behavior of the fabricated
Cul films. The p-type nature is because of Cu vacancies (V)
that have been reported as the main acceptors in p-type Cul
(Vew = Veo + h').” The highest Seebeck coefficient of 352
#V/K and a power factor of 3.39 X 10 —+ W/mK? are
measured in Cul films where Cu is deposited at 80 GLAD for
2 min of iodine exposure. The results are shown in Figure 3

https://doi.org/10.1021/acsanm.4c06004
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Figure 2. Top-view SEM images of as-deposited Cu (a—d) and corresponding Cul (e—h) thin films prepared at 0, 70, 7S, and 80° GLAD with a 2

min I, exposure time.
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Figure 3. Thermoelectric and electronic transport performance of Cul thin films: (a) Seebeck coefficient; (b) power factor and grain size; (c)
electrical conductivity; (d) hall mobility; the error bars in the graph represent the standard deviation from three sample measurements. For the Hall
measurements, some of the error bars are smaller than the data points in the graphs.

including the Seebeck coefficient (3a), power factor (3b), and
electrical conductivity (3c). These values are higher than the
previously reported values.””'®** The Seebeck coefficient and
other electrical properties of Cul as a function of iodination
time (30 and 60 s iodine exposure) can be found in S6. The
enhancement of thermoelectric properties can be attributed to
the smaller grain size as compared to previous work.”'® As the
grain size decreases, the mean free path of the carriers
decreases, leading to increased scattering.34 This results in a
higher Seebeck coefficient, which in turn contributes to an
enhancement in the power factor, as illustrated in Figure 3b.
Additionally, enhancement in Seebeck coefficients can be due
to improved crystallinity.”> However, the electrical conductiv-
ity of the Cul films decreases as the GLAD increases from 0 to

28739

80°. The decrease in electrical conductivity as the GLAD
increases from 0 to 80° is primarily due to the reduction in
grain size, which increases the density of grain boundaries.
These grain boundaries act as scattering centers for charge
carriers, impeding their transport®® and thereby lowering the
electrical conductivity.

We gain insight into the electronic properties of the films
through Hall mobility measurements conducted using the van
der Pauw geometry. These results are presented in Figure 3d.
The hole mobility observed is lower than what was previously
reported.” This indicates as the grain size reduces with the
GLAD technique, more grain boundaries have emerged, as
evident in the SEM images. These grain boundaries cause
significant scattering of the carriers, thereby reducing the

https://doi.org/10.1021/acsanm.4c06004
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Figure 4. Optical properties of Cul films deposited from 120 s iodine exposure at 0, 70, 7S, and 80° GLAD. (a) Picture illustrating the difference in
optical transparency of Cul films deposited with different GLADs on soda-lime glass. (b) Transmittance spectra of the same samples.

charge carrier mobility. The reduction in carrier mobility from
7.71 cm* V™' s™" at 0° GLAD to 6.9 cm® V™' s™" at 80° GLAD
due to enhanced scattering typically results in reduced
electrical conductivity as shown in Figure 3c. However, if the
grain boundaries primarily scatter low-energy carriers and
allow high-energy carriers to move more freely, the Seebeck
coeflicient can still increase because it reflects the contribution
of these higher-energy carriers.”™?’ We assume that the
increased scattering with more grain boundaries at higher
GLAD creates an asymmetry in the charge carrier distribution
across different energy levels, leading to a higher average
energy of the carriers contributing to the thermoelectric
effect.”® Consequently, this presented a favorable combination
for an enhanced thermoelectric power factor of up to 339 W/
mK>

3.3. Optical Properties. This paper presents the enhanced
optical transmittance of copper iodide (Cul) thin films. The
optical transparency can be observed in the samples shown in
Figure 4a. The transmittance values exceed 85% across the
wavelength range of 560—900 nm by Cul films prepared from
Cu deposited at 80° GLAD for 2 min iodination, as seen in
Figure 4b. This shows a significant improvement compared to
previous studies.”'® The transmittance data from all other
samples can be obtained from S7ab. Also, the reported
transmittance values were obtained via data processing by
removing the interference fringes observed in S7c. Trans-
mittance spectra display spectral fringes due to thin film
interference. Additionally, the band gap of the Cul films was
determined using Tauc’s plot (can be seen from S8), yielding a
value of 2.97 eV. The enhanced optical properties are
attributed to the nanostructured grains with smoother surfaces
formed through GLAD. Smaller and randomly distributed
grains formed by GLAD reduce haziness by minimizing light
scattering.””*”*" The observed high transmittance in the
visible range makes the demonstrated Cul thin films a
compelling material for the development of next-generation
transparent thermoelectric devices with enhanced efficiency
and performance characteristics.

4. CONCLUSIONS

In this study, we investigated the impact of the GLAD
technique on the structural, thermoelectric, and optical
properties of Cul films prepared by vapor iodination. We
showed that increasing GLAD to 80° led to an enhanced
thermoelectric power factor of 3.39 X 10 ~* W/mK” at room
temperature. Additionally, transmittance increased to 85% in
the wavelength range of 560—900 nm. The enhanced
performance in thermoelectric and optical properties is
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attributed to the controlled nanoscale structural features
enabled by GLAD with iodine exposure time, with the optimal
results observed at an 80° deposition angle followed by 2 min
of iodine vapor exposure. These results indicate that the
optothermoelectric performance of Cul can be enhanced
through simple and scalable manufacturing processes, making
the findings highly relevant for industrial applications like
transparent thermoelectric windows, which efficiently generate
electricity from temperature gradients while allowing light to
pass through. Moreover, Cul thin films hold immense potential
for applications in on-chip cooling and power recovery in
miniaturized optoelectronic devices, where they provide
effective thermal management while maintaining the necessary
transparency for advanced display and sensor applications.
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