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The impact of thickness-related grain boundary
migration on hole concentration and mobility of p-
type transparent conducting Cul films
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Cul films present promising optoelectronic properties for transparent conductors. However, the high hole
concentration in Cul films hinders the controllable modulation of hole mobility, limiting their application in
low-dimensional thin-film transistors. In this study, Cul films were prepared through a Cu film iodination
method at room temperature, and a systematic investigation was conducted on the modulation of hole
concentration and mobility with varying film thickness. The films exhibited a zinc blende structure (y-
phase) with increasing grain size as the thickness increased. The transmittance and optical bandgap of
the films decreased with increasing thickness. The correlation of vacancy concentration with changing
film thickness was analyzed through photoluminescence spectroscopy, revealing the influence of grain
boundary migration on vacancy formation. The reduction in film thickness diminishes the migration of
Cul grain boundaries, consequently reducing the probability of Cu vacancy and | vacancy formation,
resulting in diminished hole concentration and enhanced hole mobility and film conductivity. The film
with a thickness of 20 nm demonstrated optimal performance, with a transmittance of 90%, hole
concentration of 4.09 x 10Y cm~3, hole mobility of 506.50 cm? V! s7! and conductivity of
3319 S cm™ L This work deepens the understanding of hole transport such as hole concentration and
mobility modulation in Cul films, highlighting the importance of controlling grain boundary migration

rsc.li/rsc-advances during the film growth process.

1. Introduction

Thin-film transistors (TFTs) based on wide-bandgap trans-
parent oxide semiconductors have attracted great research
interest." For example, TFTs based on n-type amorphous
indium-gallium-zinc oxide (IGZO) have been used in active-
matrix flat panel displays, owing to their high field-effect
mobility exceeding 10 ecm® V™' s, excellent transparency,
and low leakage current.”> However, the development of p-type
TFTs has been comparatively slow due to the challenge of
obtaining high-performance p-type semiconductors. P-channel
TFTs are crucial components in complementary circuits.
Despite some cutting-edge research achieving p-type TFTs
based on oxide semiconductors like Cu,O,*> NiO,* and SnO,”
their application in industrial settings remains challenging due
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to their inferior hole transport properties and chemical
stability.®

In p-type oxide semiconductors, the main component
constituting the valence band maximum (VBM) is the strongly
localized O 2p states, which results in a large effective mass of
holes and therefore a hole mobility of less than 10 cm> V™5™ 1.6
In the case of p-type doping of oxides, self-compensation occurs
simultaneously because of the presence of intrinsic oxygen
vacancy defects, for example, p-doped ZnO can easily convert to
n-type conductivity.” Recent studies have found that copper-
based oxides have good hole transport capabilities, such as
CuMO, (M = B, Al, Cr, Ga, Sc, In and Y),*** SrCu,0,,"* and
LnCuOCh (Ln = lanthanide, Ch = S, Se, Te).*>'® The VBM of
copper-based oxides consists of O 2p states and Cu 3d states.
The modulation of the Cu 3d states weakens the localization of
the VBM, resulting in a reduction of the effective mass of the
holes and a higher hole mobility.”” However, copper-based
oxides have poor light transmission.'®*® Moreover, the prepa-
ration temperature of copper-based oxides is higher than 400 °
C, which will undoubtedly result in higher process costs and
lower production efficiency.”® Therefore, the development of
high visible-light transmission p-type semiconductors with low
temperature preparation routes for practical large-scale appli-
cations is the key to solving the shortage of p-channel TFTs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Recently, Cul with a wide band gap of 3.1 eV has been
considered by researchers as a promising material that can
achieve high visible-light transmission and high p-type
conductivity.”* Its VBM consists of I 5p and Cu 3d states.”**
Because iodine has a larger p-orbital and smaller electronega-
tivity than oxygen,* it favours a low localized VBM, resulting in
a small effective mass of holes (my, = 0.3m,, where m, is the free
electron mass) and a high hole mobility (~43.9 cm®* V™' s™ " in
single crystal).> The intrinsic p-type conductivity of Cul is
derived from the shallow acceptor state Cu vacancies above the
VBM and provides a hole concentration of 10'°-10%° cm 3,262
Because of its good p-type conductivity, Cul has been investi-
gated for TFTs,>?° thermoelectric devices,*** solar cells,****
and photodetectors,***® and so on. Cul can be prepared using
a variety of low temperature processes, including magnetron
sputtering,®” thermal evaporation,* pulsed laser deposition,*
solid state iodination and solution processes.>** These
advantages make Cul suitable for flexible electronics.

However, when Cul films are used in TFTs will result in a lower
on/off current, because of the relatively high hole concentra-
tion.?***** And the electrical properties of Cul films are difficult to
control, as samples prepared by different processes have different
properties due to deviations in stoichiometry. Despite research
achieving the modulation of hole concentration in Cul films
within the range of 10"°*-10" ecm through doping with metallic
elements or oxide, such as Zn**, Sn"", Cu,0.3*% However, as
devices move toward higher integration, the demand for thinner
channel layers in TFTs increases.** The non-uniformity of doping
causes significant variations in local electrical properties in ultra-
thin films, severely impacting device performance.*** Therefore,
intrinsic p-type semiconductors exhibit clear advantages in low-
dimensional applications. Understanding the variation in the
optoelectronic properties of intrinsic Cul films with thickness is
fundamental for comprehending and controlling carrier transport
in these materials.

In this paper, we prepared Cul films of varying thickness
through Cu films iodination at room temperature. The
morphological structure, optical properties, hole transport
performance, and defect concentration in correlation with film
thickness were comprehensively revealed. Our results enhance
the understanding of the hole transport mechanisms of Cul
films, providing a theoretical basis for the modulation of hole
transport in devices such as TFTs.

31,35

2. Experimental section
2.1 Materials

Cu target (99.99% purity) was purchased from Yipin Chuan-
cheng Technology Co., Ltd (China). Ar (99.999% purity) was
purchased from LIMING GAS (China). Iodine (99.8% purity),
acetone (99.5% purity) and ethanol (99.5% purity) were
purchased from Aladdin (China).

2.2 Preparation of Cul films

Quartz substrates (10 x 10 x 1 mm) were ultrasonically cleaned
with acetone and ethanol for 15 min, respectively. Cul films
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were prepared through a Cu film iodination process. The
method comprises two steps: first, the deposition of Cu films,
followed by the iodination of the Cu films, with all processes
conducted at room temperature without heating. The Cu films
were deposited on cleaned quartz substrates using a direct
current (DC) magnetron sputtering system, and Ar was
employed as the sputtering gas. First, the Cu target and the
substrates were inserted into the sputtering system, and the
substrates were shielded with a blocker. Then, the sputtering
chamber was evacuated to 5 x 10~* Pa to remove impurities.
Next, Ar was introduced into the chamber, the flow rate was
adjusted to 40 sccm, and the chamber pressure was regulated to
0.5 Pa through valve control. Then, DC power of 100 W was
applied to the Cu target, and pre-sputtered for 15 minutes to
remove contaminants on the Cu target surface. Subsequently,
with the blocker open, Cu films were deposited onto the quartz
substrates. The obtained Cu films were transferred to a glass
bottle containing 10 g iodine particles and sealed for 60 min at
room temperature to generate Cul films. To achieve Cul films
with various thicknesses, the sputtering time was adjusted to
14, 40, 67,134, and 200 s, resulting in film thicknesses of 20 nm,
63 nm, 110 nm, 250 nm, and 360 nm, respectively.

2.3 Characterization

The crystalline phase and element states of the films were
characterized by using grazing incidence X-ray diffraction
(GIXRD, PANalytical Empyrean) and X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientific). The surface
morphology and roughness of the films were measured by
scanning electron microscopy (SEM, Thermo Scientific Scios)
and atomic force microscopy (AFM, Bruker Dimension FastS-
can). The optical characteristics of the films were investigated
using an UV-vis spectrophotometer and a FLS1000 steady-state
and transient fluorescence spectrometer. Electronic properties
of the films were captured by means of a Hall effect measure-
ment system (Ecopia HMS-3000). Film thickness measurements
were executed using a Bruker step-profilometer.

3. Results and discussion

Film thickness is a key factor affecting the performance of
transparent conductors. Therefore, we investigated the impact
of film thickness on the properties of Cul films. The GIXRD
patterns of Cul films with varying thickness are shown in
Fig. 1(a). All the spectra correspond to the zinc blende structure
of cubic y-Cul.** The films exhibit preferential growth along the
(111) crystallographic plane, as it represents the surface with
the lowest energy and, consequently, the fastest growth rate.>
As the film thickness increases from 20 nm to 360 nm, the
intensity of each diffraction peak gradually rises. We compared
the FWHM of the (111) diffraction peaks for various film
thicknesses, as shown in Fig. 1(b). The FWHM progressively
decrease with increasing film thickness, suggesting that greater
thickness promotes the crystallinity of the films. This
phenomenon may be attributed to the fact that thinner films are
more adversely affected by the lattice mismatch between the Cul
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Fig. 1
thickness, (c) schematic diagram of Cul film growth.

grains and the substrate.” In Fig. 1(b), the ratio of (220) and
(111) peak intensity (Iy50/I111) increases as the film thickness
rises, indicating that thinner films exhibit a higher degree of
(111) lattice orientation. This may be attributed to the potential
barrier during the Cu film iodination process, where iodine
initially reacts directly with the surface. Subsequently, after the
formation of a Cul layer on the surface, iodine must traverse the
generated Cul layer to diffuse into the Cu film for further
reaction, as shown in Fig. 1(c). This diffusion process intro-
duces a potential barrier to the formation of the (111) crystalline
plane. In thicker films, the diffusion path of iodine is longer,
resulting in a larger potential barrier.

In order to study the surface composition with different
thickness, we performed XPS measurements on the films, the
results are shown in Fig. 2. The peaks at 932 and 952 eV
correspond to Cu 2ps/, and Cu 2py/, states of Cu*,*® as shown in
Fig. 2(a). In the binding energy ranging from 940 to 945 eV, no
Cu*" species were detected.” In Fig. 2(b), the peaks at 619 and
631 eV associate with I 3ds, and I 3d;/, states.'” These results
indicate that the films are composed of the elements Cu and I,
and in combination with the GIXRD patterns in Fig. 1, it can be
determined that the crystalline phase of the films is indeed vy-
Cul. All the peaks in the XPS spectra are shifted towards small
binding energy with increasing film thickness, indicating
a gradual decrease in the iodine content of the films.**

The variation in film morphology with thickness was inves-
tigated, as shown in Fig. 3(a)-(e). The film with a thickness of
20 nm appears sparse and exhibits noticeable discontinuous
voids. In contrast, films with thicknesses of 63 nm, 110 nm,
250 nm, and 360 nm are denser and more continuous. As the
film thickness increases, there is a gradual enlargement in grain
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size. This phenomenon is attributed to the higher abundance of
Cu elements in thicker films, allowing for the formation of more
Cul nuclei and subsequent merging growth. The surface flat-
ness of the film decreases with increasing film thickness, as
shown in Fig. 3(f)-(j). The film roughness values for thicknesses
of 20 nm, 63 nm, 110 nm, 250 nm, and 360 nm are 11.9, 8.5, 9.3,
15.1, and 18.4 nm, respectively. The film with a thickness of
20 nm exhibits greater roughness compared to the film with
a thickness of 63 nm due to the presence of discontinuous
regions and exposed substrate. However, as the film thickness
surpasses 63 nm, the surface roughness increases due to the
coarsening of the grains. The thickness of the films was
measured using a profilometer. In order to determine the
growth rate of the films, Cu film with a sputtering time of 60 s
was initially prepared, resulting in a measured thickness of
90 nm after iodination. The growth rate of the film was calcu-
lated to be 1.5 nm s~ '. To grow films with theoretical thick-
nesses of 20, 60, 100, 200, and 300 nm, the sputtering time was
set to 14, 40, 67, 134, and 200 s, respectively. However, the
measured thicknesses were 20 nm, 63 nm, 110 nm, 250 nm, and
360 nm. The measured thicknesses of films with sputtering
times of 134 s and 200 s were significantly higher than the
theoretical thicknesses. This is due to the larger grains present
in thicker films, resulting in larger voids between grains, which
reduces the density of the films and leads to measured thick-
nesses exceeding the theoretical values.

The influence of film thickness on the transmittance of the
Cul films is presented in Fig. 4(a). Visible light transmittance
decreases from 90% to 70% with the increase in film thickness.
The enlargement of grain size and film roughness contributes
to increased light absorption and surface scattering, resulting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in decreased transmittance.* The fluctuations in the visible
light transmission curve for films with thicknesses ranging
from 110 nm to 360 nm may arise from interference effects
between the film surface and air, as well as between the film and
the substrate, attributed to changes in film thickness.*® The
optical bandgap of Cul films with varying thickness is depicted
based on the Tauc plot method,* as shown in Fig. 4(b). The
optical bandgap of the films decreases as the film thickness

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Optical transmission spectra, (b) Tauc plot, (c) optical bandgap of Cul films with different thickness.

rises, possibly attributed to the higher defect density and
residual stress in thicker films.**>®

The photoluminescence spectra of Cul films with varying
thickness are shown in Fig. 5(a). The emission peak at 410 nm is
interband transition, while the emission peaks at 420 nm and
720 nm are related to Cu vacancies and I vacancies,” respec-
tively. As the film thickness increases, the emission peak at
410 nm gradually shifts to 420 nm, indicating an elevation in

RSC Adv, 2024, 14, 9072-9079 | 9075
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the concentration of Cu vacancies. The emission intensity at
720 nm increases with the rise in film thickness, indicating
a proportional increase in I vacancy concentration with greater
film thickness. To achieve a more precise comprehension of the
relative concentrations of Cu and I vacancies, we calculated the
ratio of the emission intensity at 720 nm to that at 420 nm,
denoted as Iry/Icyvy, as shown in Fig. 5(b). The Ir,/Ic,., ratio
gradually increases with film thickness, indicating a gradual
rise in the relative concentration of I vacancies. In general,
vacancies accumulation decreases with decreasing grain size.*®
In films with small grain size and high grain boundary density,
the inadequate growth of grains implies that grain boundary
migration is limited. Conversely, in films with large grains,
during the grain growth process, grain boundary migration is
more extensive, contributing to the formation of vacancies and
radiation centers.*>*® Consequently, thinner films exhibit
a lower concentration of Cu and I vacancies.

We employed Hall effect measurements to characterize the
electrical properties of Cul films with varying thicknesses, as
shown in Fig. 6. As the film thickness increases from 20 nm to
110 nm, the hole concentration gradually increases from 4.09 x
10" to 2.37 x 10"® ecm™3. The increase in hole concentration
aligns with the shift of the emission peak from 410 nm to
420 nm, as observed in the Fig. 5(a), substantiating that the
concentration of Cu vacancies influences the hole concentra-
tion. However, after the film thickness exceeds 110 nm, the hole
concentration gradually decreases. I vacancies exert a highly
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Fig. 6 Electrical properties of Cul films as a function of film thickness.
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unfavorable influence on hole transport, functioning as trap
states that diminish hole concentration and mobility.** With
the thickness of the films on the rise, the concentration of I
vacancies increases, leading to a gradual reduction in hole
mobility from 506.50 to 6.37 cm®> V' s~'. Therefore, the
conductivity of the films exhibits a decrease from 33.19 to
11.89 S cm™ " with increasing thickness. The inter-grain spacing
increases with the rise in film thickness, also hindering hole
transport and resulting in a reduction in conductivity.

The extent of grain boundary migration can influence the
concentration of vacancy defects in Cul films. In films with large
grains, grain boundary migration is more extensive during the
film growth process, contributing to the formation of vacancies.
Regulating the concentrations of Cu and I vacancies enables
control over both hole concentration and mobility in Cul films.
Cu vacancies are widely acknowledged as the source of p-type
conductivity in Cul films, as their concentration determines
the hole concentration within the films.?* On the other hand, I
vacancies act as trap states, capturing or scattering holes,
leading to a decrease in both hole concentration and mobility,
thereby deteriorating the conductivity of Cul films.** Fig. 5
indicated an enhancement in emission peak intensity related to
Cu and I vacancies with increasing film thickness, with the ratio
of I vacancies peak intensity to Cu vacancies peak intensity
gradually increasing. This suggests that thicker films contain
higher concentrations of Cu and I vacancies, with a relatively
higher concentration of I vacancies. These are attributed to
increased grain boundary migration during film growth,
leading to the accumulation of vacancies in thicker films. Hall
effect measurements in Fig. 6 revealed a gradual decrease in
hole mobility and conductivity with increasing film thickness,
with an initial increase followed by a decrease in hole concen-
tration. As film thickness increased, the concentration of Cu
vacancies rose, consequently resulting in an elevation of the
hole concentration. However, I vacancies also increased signif-
icantly, acting as trap states to capture holes, resulting in
a decrease in hole concentration beyond a film thickness of
110 nm. The increase in I vacancies led to reduced hole
mobility, thereby diminishing film conductivity. Thus,
controlling the migration of grain boundaries can regulate the
concentrations of Cu and I vacancies, thereby enabling control
over both hole concentration and mobility.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Currently, there is no acceptable explanation for the corre-
lation between film thickness and hole transport in Cul films.
In 2016, Guochen Lin et al. observed, through photo-
luminescence spectroscopy, a decrease in the concentration of
Cuvacancies and an increase in the concentration of I vacancies
for Cul films with thicknesses exceeding 80 nm.* However, they
did not elucidate the reasons for the change in vacancy
concentration, nor did they investigate the effect of thickness
on hole transport. In 2019, Anil Annadi et al. discovered that as
the film thickness decreased from 300 nm to 25 nm, the hole
concentration in Cul films gradually increased. However, when
the thickness was reduced to less than 25 nm, the hole
concentration dropped by two orders of magnitude, reaching
9.6 x 10"” cm™>. They hypothesized that the hole concentration
in Cul grains remained constant at in the order of 10" cm™>
across samples of different thicknesses, and interpreted the
variation in hole concentration with thickness as Cu vacancies
being more prone to form on the (111) crystal plane.* In 2020,
Wei Peng et al. discovered that as the thickness of Cul films
increased from 50 nm to 420 nm, the film roughness increased,
while the transmittance and optical bandgap decreased. The
film conductivity and hole concentration initially increased
with film thickness and reached their peak at the thickness of
100 nm, then decreased. The hole mobility increased with
increasing film thickness. However, there was no corroborating
data derived from photoluminescence spectroscopy, nor was
there an explanation for the variation in hole transport with film
thickness.* In 2021, Mokurala Krishnaiah et al. discussed the
influence of thickness on the optical detection performance of
Cul films but did not investigate the impact of thickness on hole
transport.”> In 2021, Beibei Shi et al. observed an increase in
peak intensity at 424 nm in the photoluminescence spectrum
with increasing thickness, attributing it to the increased pres-
ence of excess iodine in Cul films. However, they did not discuss
the effect of thickness on hole transport.®® In summary, there is
no convincing explanation for the effect of film thickness on
hole transport in Cul films. However, the principle proposed in
this study, which inhibits grain boundary migration during film
growth to reduce the probability of Cu and I vacancies forma-
tion, thereby lowering the hole concentration and enhancing
hole mobility, holds significant importance for understanding
hole transport in Cul films. It also provides guidance for Cul
film growth strategy and device applications.

4. Conclusions

P-type transparent conducting Cul films with excellent perfor-
mance were fabricated through iodination of sputtered Cu
precursor films at room temperature. Modulating the film
thickness allows control over Cul grain boundary migration,
consequently regulating the defect concentration in the films.
Thinner films exhibit reduced concentrations of Cu and I
vacancies, resulting in decreased hole concentration, improved
hole mobility, and enhanced conductivity. The film with
a thickness of 20 nm shows the best performance, with
a transmittance of 90%, hole concentration of 4.09 x 10'” cm 3,
hole mobility of 506.50 cm®> V™' s™', and conductivity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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33.19 S cm ', During the film growth process, thinner films
demonstrate limited grain boundary migration, reducing the
probability of Cu and I vacancies formation, resulting in lower
concentrations of Cu and I vacancies. The reduced Cu vacancies
decrease the hole concentration, while the reduced I vacancies
enhance the hole mobility and conductivity. The film displays
discontinuous regions at a thickness of 20 nm, these disconti-
nuities reduce the hole transport pathway, which is unfavorable
for hole transport. However, it exhibits the lowest concentration
of I vacancies, thereby significantly enhancing hole mobility,
offsetting the adverse effects on hole transport caused by
discontinuous regions. In this study, the proposed principle of
inhibiting grain boundary migration to reduce the probability
of Cu and I vacancies formation, thereby lowering the hole
concentration and enhancing hole mobility, provides insightful
implications for the application of Cul films in transparent
electronics.
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