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ABSTRACT

Oxygen is a ubiquitous contaminant in thin films grown in high vacuum systems, and it was hypothesized to play an important role in the
properties of the p-type conductivity of transparent copper(I) iodide, Cul. We study the ambient properties of Cul deposited at various
partial pressures of oxygen gas. Through a variety of experimental techniques, we find that achieving a critical oxygen partial pressure of
below p(O,) =3 x 107> mbar is essential for depositing stoichiometric and conductive Cul thin films. Notably, we relate the commonly
reported copper excess to the presence of oxygen within the Cul films. Notably, we relate the commonly reported excess of copper in Cul &
thin films to to the presence of oxygen. Finally, we infer from transport and optical measurements that the hole transporting properties of
sputtered Cul films are dominated by an abundance of V¢, defects with an acceptor transition energy of 84 + 3 meV rather than Oy defects
with an acceptor transition energy of 175 + 14 meV.
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1. INTRODUCTION 3d and I 5p valence band, with two degenerated bands with low
(m; = 0.3my), and high (my, = 2.4my) effective mass hole bands
where mj is the free electron mass.”’

Cul leads its competitor p-type transparent conductors due to
the localization of the O 2p valence band in delafossites and strong
polaron scattering of the carriers, leading to significantly lower
carrier mobilities in such materials."*” Cul is p-type doped with
copper vacancies (V¢,) acting as shallow acceptor states with a

Transparent conducting materials offer the potential for the
development of invisible electronics for everyday use. Currently,
inorganic n-type transparent conducting oxides dominate such
a commercial market with the leading In,Os:Sn possessing an
optical gap greater than 3 eV and an electrical conductivity near
o~ 10*Scm™!, both of which are crucial parameters.”” On the
other hand, inorganic p-type transparent conductors are limited to

the order of ¢ ~ 10> Scm ™', Of those compounds, Cul possesses thermodynamic activation energy between 78 and 150 meV.""
the highest conductivity and optical transparency, derived from a ~ The unintentional doping with Vc, can push Cul to the point of
large bandgap of Eg = 3.1 eV, high thin film carrier mobility of up degenerate conductivity with carrier concentrations beyond
to u ~ 20 cm*V~'s™, and high dopability with copper vacancies.”  10?” cm™* while simultaneously maintaining its high mobility.''~"”
The high electrical performance of the ambient room temperature Due to the dual-band nature with a heavy carrier band, Cul pos-
zincblende phase y-Cul is derived from the diffuse hybridized Cu sesses a large Seebeck coefficient (a ~ 200V K™"),"*"” imbuing
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it with a thermoelectric figure of merit of ZT = 0.21.'°"'® High
thermoelectric power conversion efficiencies rely on a large ther-
moelectric figure of merit (ZT = a*6T/x), wherein x = k, + & p is
the thermal conductivity separated by the carrier and phonon con-
tributions and T is the temperature. Notably, Cul has a low lattice
thermal conductivity of x, ~ 0.5Wm™ ' K~ due to the large mass
of 1.'° Its earth-abundant and non-toxic constituents with facile
thin film and powder synthesis methods makes Cul an attractive
candidate for potential low-cost device integration for thermoelec-
tric and other applications.'’

The comparatively limited conductivity of Cul is partially due
to its only recent rediscovery as a high performance optoelectronic
material.*° Theoretical research found that the lighter chalcogen-
ides O, S, and Se could be promising p-type dopants when substi-
tuted onto the iodine site."' The computationally predicted most
promising extrinsic dopant was S due to its shallow thermody-
namic transition energy, ranging from 0.215 to 0.33eV."'”"” The
other chalcogens (O, Se, and Te) have low solubility limits due to
the greater formation energy of the introduced acceptor state, and
their incorporation is inhibited by the formation of secondary
Cu-chalcogen phases. Experimentally, there have been a plethora of
recent advancements in the carrier concentration (and thereby con-
ductivity) of Cul in recent years by (a) enhancing the intrinsic
properties of Cul by deposition and exposure to I-rich condi-
tions,””” (b) extrinsic shallow acceptor introduction with S or Se
doping,””'~** and (c) extrinsic doping to enhance the intrinsic
properties with Cs, Al, Fe, or Tb.”*">* These improvements have
brought Cul closer to the 10> Scm ™! threshold for potential com-
mercial transparent conductor applications, such as in thin film
transistors,”” thermoelectric generators,18 perovskite-based solar
cells,”” and diodes.”" The high electrical conductivity and transpar-
ency of p-type Cul is also important for high power conversion
efficiency in an inverted perovskite solar cell architecture.””*”

Similarly to S and Se, O has also been clearly identified as a
p-type dopant in Cul,”" but its role in the measured electrical prop-
erties is not yet clear. Challenging the conventional view that it is the
copper vacancies, which promote high film carrier concentrations,
research by Storm et al.”* suggests that oxygen acceptor defects are the
reason for high conductivity in Cul. In addition, it is also understood
that Cul undergoes a transient electrical transport property changes
through atmospheric exposure.”*”* To achieve high conductivity and
transparency, sputtering or pulsed laser deposition is known to be
useful to prepare Cul with high carrier mobility (>10cm*V~'s™")
and low roughness (<5nm).>” However, in such vacuum deposition
processes, there is a poor understanding of how residual O, within the
chamber during Cul film deposition (potentially provided by an
impure carrier gas) contributes to the measured properties of the
material compared to Cu,O or In,03:5n.”>"

Focusing on the thermoelectric application where Cul is the
leading p-type candidate, there is to our best knowledge no system-
atic report for the role of O doping on the thermoelectric proper-
ties of Cul. In this paper, we prepared Cul films through reactive
ion beam sputtering with various partial O, gas pressures. We con-
ducted optical, compositional, structural, and transport measure-
ments to characterize the effect of the oxygen partial pressure
[p(O,)] on the properties of the films, finding a notable change
once p(0O,) during deposition was raised to near 1 x 10~* mbar.

ARTICLE pubs.aip.org/aip/jap

We identified the cause for the common [Cu]/[I] excess measured
in composition measurements to be due to O incorporation.

Il. METHODS

The Si(001), 500 nm thermally oxidized Si(001), microscope
slides, and vitreous carbon substrates were cleaned by sonication in
acetone, ethanol, and de-ionized water for 10 min each prior to Cul
deposition. The reactive ion beam sputtering was conducted under
high vacuum. The base pressure of the sputter system was
<3 x 1077 mbar during continuous pumping with a turbopump.*'
A liquid nitrogen cold trap was used to further reduce the residual
gas pressure prior to sputtering. For sputtering, Ar gas was fed into
the Penning ion source region, some of which entered the deposition
chamber region while the gate valve separating the two regions was
open. This results in a necessary operating argon partial pressure of
p(Ar) =8 x 107® mbar in the deposition chamber region. For con-
trolled oxygen incorporation, 99.99 % O, gas was leaked directly into
the deposition chamber through a needle valve with a closed gate
valve between the Penning ion source and deposition chamber
regions, providing a measurement and control of p(O,). Then, the
gate valve separating the Penning ion source and deposition
chamber was opened, and sputtering was started. Since the Penning
ion source region volume was much lower than that of the deposi-
tion chamber the p(O,) variation before and after opening the gate
valve was negligible. The chamber pressure was kept constant during
deposition by constantly flooding the chamber with oxygen to
replenish the oxygen gas extracted through the turbopumps. This
continuous oxygen input provided precise p(O,) control between
3 x 107% and 1 x 10~ mbar. Sputtering was conducted with an Ar*
ion beam impinging on a commercial Cul sputter target held at 45°,
and substrate holders held at 60° relative to the baseplate. An accel-

erating voltage of 16 kV with a sputter target current of 0.15 mA was ;
used to deposit the Cul thin films on the aforementioned substrates. ¢

The film deposition rate depended on the deposition pressure but
was ranged between 0.5 and 1 nm min~".

Rutherford backscattering spectrometry (RBS) measurements
were conducted with a 2.0 MeV *He" beam with a beam current
below 10 nA by using a surface barrier detector mounted at a back-
scattering angle of 165°."* A 100 nm thin film of Gold deposited on
a Si(001) substrate and Si(001) with a 500 nm oxidized layer were
used for the energy calibration. To investigate the crystallinity of the
films, angle-symmetric x-ray diffraction (XRD) was conducted in the
0/20 geometry with a Rigaku SmartLabs diffractometer using a
copper x-ray source with a principal x-ray wavelength of
A =1.54059 A. A Ni filter was used to remove Cu K  and W L
a-derived  diffraction peaks from the diffraction patterns.
Transmittance spectrometry was conducted by using a Perkin Elmer
Lambda 365 spectrophotometer over a wavelength range between
300 and 800 nm. Steady-state photoluminescence (PL) measure-
ments were performed using a 375nm Thorlabs L375P70MLD
70 mW light source with a Kymera 328i Spectrograph. Room tem-
perature Hall effect and four-terminal resistance measurements were
conducted with a 10 nA driving current by using the HMS-3000
Hall effect measurement system. A 0.55T permanent magnet was
used for the Hall effect measurements. Gold contacts with approxi-
mate thicknesses of 100 nm were deposited by ion beam sputtering
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on the corners of the Cul samples through a mask. The Hall effect
conductivity and Hall coefficient uncertainties are 5% of the mea-
sured values. Near-room temperature Seebeck effect measurements
were conducted in an ULVAC ZEM-3 Seebeck effect measurement
system. The Seebeck coefficient uncertainty is 6 % of the measured
value.

lll. RESULTS AND DISCUSSION

RBS measurements on vitreous carbon substrates were con-
ducted to investigate the degree of oxygen incorporation when Cul
is deposited at a variety of oxygen partial pressures (Fig. 1). From
the measured data the film compositions were derived from the
peak areas and their respective Rutherford scattering cross sec-
tions,” the results of which are summarized in Table I. The films
deposited at and below p(O,) =7 x 10~> mbar showed no presence
of oxygen and a near-unitary ratio of [Cul]/[I] [Figs. 1(a)-1(c)]
while the film deposited at p(O,)=1 x 107* mbar [Fig. 1(d)]
revealed a [Cu]/[I] concentration ratio of 1.14 + 0.01, and an
oxygen concentration of 9.0 + 2.2 %, suggesting a relationship
between the incorporated concentration of O and an increase in
the [Cu]/[I] fraction.

The RBS data of Cul films deposited on Si substrates are
shown in Fig. 2(a). Notably, due to the Si, the in-film O backscat-
tering peak is obfuscated for all films. Figure 2(b) shows the
[Cu]/[I] ratios for films deposited on Si and C substrates depend-
ing on the p(O,). This suggests that there is a threshold pressure
between p(0,)=7 x 10> and p(O,)=1x 10~* mbar above
which the deposition leads to the incorporation of O in the Cul
films. This incorporated oxygen in the films will likely substitute
iodine in Cul or lead to the formation of a secondary oxide phase,
both of which are compatible with an increase in the [Cu]/[I]
ratio.

XRD measurements were then conducted after the RBS mea-
surements to further investigate the O incorporation effects on the
crystallinity and microstrain of the deposited films. The XRD pat-
terns of Cul samples deposited on Si(001) substrates are depicted in
Fig. 3(a) for the angle-symmetric 6/26 measurements. The diffracto-
grams show the presence of strongly textured Cul in the (111) orien-
tation.'* The Cul(111), Cul(222), and Cul(333) peaks were
independently used to derive the out-of-plane lattice constant (a,)
with Bragg’s law A = 2dj, sin 0, wherein die = a, /Vh* + k* + (2.
The derived out-of-plane lattice constant varied slightly based on the
diffraction peak order, suggesting imperfect sample alignment within
the goniometer. This alignment error was corrected by use of the

TABLE 1. Copper, iodine, and oxygen concentrations and the copper to iodine ratio
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\Cj of Cul films derived from RBS measurements deposited on vitreous carbon sub-
— ‘ ‘ - strates deposited at various oxygen partial pressures.
0.4 0.6 0.8 1 1.2 14 1.6 1.8

Backscatter energy [MeV] p(O,) (mbar) Cu (at. %) I(at. %) O (at. %) [Cul/[1]
FIG. 1. Rutherford backscattet tra of fims deposited on vi b 3%x107° 49.7+04 492+02 1120 1.01+0.01
- 1. Rutherford backscattering spectra of fims deposited on vitreous carbon 3% 10°° 497+04 495402 07+19  1.00+001
at partial pressures of (a) 3 x 108, (b) 3 x 107>, (c) 7 x 1075, and (d) 7510~ 198104 491402 11£22 1014001

1 x 10~* mbar. The inset graphs show the absence or presence of oxygen in 4 0= Y e Reinhe
1x10 485+04 425+02 9.0+22 1.14+0.01

the respective films.
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goniometer error function G(6) = 1cot? (§)[1 + sin (6)]” to derive
the true out-of-plane lattice constants, the p(O,)-dependence thereof
depicted in Fig. 3(b). As the partial oxygen pressure increased, the
out-of-plane Cul lattice constant monotonically reduced from
6.068 + 0.001 A for the films deposited at p(O,) < 3 x 107 mbar to
6.055 + 0.001 A for the films deposited at p(O,) =1 x 10~ mbar. It
is known that room temperature vacuum-deposited Cul films
possess larger out-of-plane lattice constants than the bulk powder
value of 6.054 A, with in-plane values that are smaller suggesting
that the films are subjected to biaxial tensile strain.”*** The reducing
out-of-plane lattice constant suggests some strain relaxation effects
due to a differing chemical composition of the film.

In order to deconvolute macrostrain, microstrain, and broad-
ening effects of the out-of-plane peak series, the Williamson-Hall
plot approach was employed. The Williamson-Hall plot approach
draws a linear fit S cos (6) = 4esin (6) + KA/D through the peak
positions and peak widths wherein f is the width (in radians), € is
the strain, K is a numerical constant, and D is the crystallite size.””
This method was conducted after subtracting a constant systematic
broadening approximated by the broadening of the Si(004) sub-
strate peak width. Based on this approach, the out-of-plane crys-
tallite sizes did not significantly vary as the oxygen partial pressure
varied. On the other hand, the out-of-plane strain (g,) at first
decreases from 0.94 x 1073 4+ 0.17 x 1073 for the film deposited
at p(0,) <3 x 1077 mbar to 0.72 x 1073 4 0.07 x 1073 for the

L [
- (@)
= ]
g 1 x 10~* mbar Si Cu |
,g r 7 x 1075 mbar
&k 1
. 3 x 10~° mbar
2 [ 7
=] 3 x 107° mbar
[
om J
»5 | <3x1077 mbar |
. . N . .
0.4 0.6 0.8 1 1.2 1.4 16 1.8
Backscatter energy [MeV]
1.2 : . :
1151 ( ) A Sj substrate % —
1
_1ar m C substrate é 1
=
b i
= 105F / J
T |
0.95 1
0.9 L L .
107 106 10® 10

p(O2) [mbar]

FIG. 2. (a) Rutherford backscattering spectra of films deposited on silicon at a
variety of oxygen partial pressures [p(O,)]. (b) Copper-to-iodine ratio depending
on p(O,). The dashed line is used to guide the reader.
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film deposited at p(O,) =3 x 107> mbar. Subsequently £, increased
to 1.33 x 107> 4+ 0.09 x 107* for the film deposited at p(O,)
=1 x 107* mbar. The derived out-of-plane microstrain relationship
with p(O,) is shown in Fig. 3(c). The £, becomes relaxed as the
growth pressure increases toward p(O,)=3 x 107> mbar, while
above it, £, sharply increases again. The cause for this onset of
strain is not yet understood, but due to the low calculated solubil-
ity of chalcogenides in Cul,>'*'**" it is possible that a secondary
oxide phase becomes incorporated in the films.’>”” In summary,
it is reasonable to interpret that the variation of the structural
properties are related to variations in the chemical composition of
the films, which itself can be controlled by variation of the p(O,)
during deposition.

To investigate variations in the transport properties of the
samples, they were subjected to four-point van der Pauw electrical
conductivity measurements, the results of which are summarized in
Table 1. The films deposited at p(O,) <3 x 1077 mbar exhibited
an electrical conductivity of 65.7 + 2.4Scm ™', which did not
change significantly over a wide range of oxygen partial pressures.
Notably, the films deposited at p(O,)=1x 10~* mbar had a
reduced electrical conductivity of 39.9 + 1.8 Scm™'. The samples
were subjected to room temperature Hall and Seebeck effect mea-
surements, which identified p-type carrier conduction in all films.
The carrier concentration was derived from the Hall coefficient
through py = (qRy) ™', and the carrier mobility was derived from
4 = oRy. The Hall factor was assumed to be unitary due to the
high carrier concentrations in these films. Hall carrier mobilities
of 8.7 4+ 0.8 cm”> V' s were found for the samples deposited at
p(0,) < 3 x 1077 mbar, which increased to 9.4 + 0.8 cm?vlg!
for the samples deposited at p(O,) =7 x 107> mbar, and reduced
to 65+ 18cm*V 's™' for the samples deposited at
p(0) =1 x 10~* mbar. The Hall carrier concentration derived
from the Hall coefficient remained approximately constant near
4.2 x10" cm™? for all films (comparable to previously measured
values'*'”). The series of films produced similar Seebeck coeffi-
cients (=200uVK™'), except for the film deposited at
p(0,) <3 x 1077 mbar, which provided a greater Seebeck coeffi-
cient of 235 + 14uVK L

The increased mobility at moderate oxygen partial gas pressures
is similar to the results by Storm et al,” who instead used nitrogen
as a background gas during deposition of Cul with pulsed laser dep-
osition. Depositing Cul at moderate gas pressures results in an
improved crystal quality, in this case identified by a reduction in the
microstrain, therefore improving the carrier mobility by a reduction
of the concentration of scattering sites. The cause for the reduced
carrier mobility for the film deposited at the highest oxygen partial
pressure was presumably due to scattering from the increased con-
centration of additional oxygen defects and oxide impurities. Finally,
the power factor (a?c) derived for the films is greatest for those
deposited at p(0,) < 3 x 1077 mbar, finding a power factor of
363 + 45uWm K2 reducing to 168 + 22 uW m~ K2 for the
films deposited at p(O,) =1 x 10~* mbar. This implies that for ther-
moelectric applications Cul should be deposited at the lowest possi-
ble p(O,), while it does not strongly affect the electrical properties.
Overall, oxygen does not appear to have a strong effect on the
carrier concentration and Seebeck coefficient, implying that the Oy
acceptor energy is deeper within the bandgap than the V, acceptor
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FIG. 3. (a) Labeled 6/26 x-ray diffraction patterns of Cul films deposited on thermally oxidized silicon substrates at various oxygen partial pressures. Calculated (b)
out-of-plane lattice constant a, and (c) out-of-plane strain £, from the diffraction patterns. The dashed lines are used to guide the reader.

energy, and that there is a low concentration thereof. Further, the
low solubility limit of oxygen in Cul limits the concentration of Oy
acceptors,“ which could instead lead to forming oxide phases,
which provide a limited contribution to the conductivity in the
films.””

The samples’ optical properties were measured with transmit-
tance spectrometry and PL. The transmittance spectra are depicted
in Fig. 4(a), which show that the samples deposited at
p(0,) < 3 x 107> mbar) have high transmittance (>70%) through-
out the highlighted visible regime. These samples also clearly
exhibit the characteristic Cul Z,/Z, (3.10 + 0.01 eV) and the spin
orbit split Z; (3.73 + 0.01 eV) excitonic absorption resonances.”
The Z,/Z, absorption is at ~0.05eV higher than the standard
value of 3.05 eV," possibly due to the high carrier concentrations in

these films which would cause a blueshift in the excitonic absorp-
tion energy.”*’ The samples deposited at p(O,) >3 x 10~° mbar
exhibit slightly lower average transmittances with values of
65%-67%, and appear to have suppressed excitonic absorption
resonances.

The generalized Elliot formula was used in order to investigate
the absorption properties (single particle gap energy Eg, spectral
broadening I', and exciton binding energy Ep;) of the deposited
films, a method recently finding use for analyzing absorption data
of perovskite compounds.***’ This type of absorption model con-
siders two types of absorption: excitonic absorption peaks, and the
continuum band-to-band transition absorption contribution, which
also include band nonparabolicity and Sommerfeld enhancement
effects, written as

TABLE IIl. Room temperature electrical and thermoelectric properties of Cul thin films deposited at different oxygen partial pressures.

p(O,) (mbar) o (Sem™) UH (cm?>V~ls™h PH (x10* em™) a (VK™ o (WWm™ K
<3x 1077 65.7+2.4 8.7+0.8 4.7+0.3 235+ 14 363 +45
3x107° 61.3+2.3 9.2+0.8 42+0.2 200+ 12 245+ 31
3x107° 57.9+2.1 94+0.8 39+0.2 198 + 12 227 +£28
7%x107° 64.2+2.4 9.3+0.9 43+0.3 207+ 12 275+ 34
1x107* 399+1.8 6.5+1.8 39+09 205+12 168 +£22
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FIG. 4. (a) Transmittance spectra with highlighted visible region and annotated excitonic absorption energies. The room temperature thermal energy kgT is highlighted
with the dashed line. (b) Spectral broadening factor derived from Elliot fits (red) comprised of excitonic (blue) and continuum (green) components, which are shown

in (c)~(g)-

ar(hw) OC%Z Z% se

for a two-valence band system i =1, h considering contribution
from both light and heavy holes, n is the exciton order,
Ep,;=Eg—Ep;n? is the nth order exciton binding energy
analogous to the electron energy levels of the hydrogen atom,
u; = myme(m; + me)_1 is the reduced mass for each absorption
channel, and b is band nonparabolicity defined through

- - 12 14
Ecs(R) — Evi(F) = Eg + hz}k‘ (2,u,-)’1—b‘k’ . To fit Eq. (1) to the

measured data, the absorption coefficient (o) was derived through
ar =z 'In(1/T’"), where T’ is the sample transmittance. The
sample reflectance was assumed much less than one (R’ < 1). An
electron effective mass m, = 0.23my, a single particle bandgap
Eg = 3.145eV, and a band nonparabolicity factor b = 0.55eV m*
were found to provide good absorption profiles that fitted the
experimental results. This allowed the spectral broadening I'" to be
fitted as the only free variable, a descriptor for instrumental and
sample-derived broadening factors. The derived spectral broadening

hw — Ep ;i 0 Hw — E 1 1
ch (—————= )+ | sech 7
r Eo r 1—exp (—27r Epi ) 1- ’;—;(E — Eg)

dE

1)

E—Eg

factors I are depicted in Fig. 4(b) while the Elliot fits themselves are
shown in Figs. 4(c)-4(g). The variation in the broadening factor
I' appears to be coupled to the evolution of the microstrain, suggest-
ing that there is a relationship between the two. The exciton bind-

ing energies were calculated with Ep; = y,4* (2(4712&‘)2?12)_1 where
£=¢g& using & = 6.5." The choice of electron effective mass
resulted in binding energies of Ep; = 42 meV and Epj = 68 meV
for the light and heavy hole-derived excitons, respectively. Due to
the greater hole effective mass and, therefore, exciton binding energy
and absorption intensity, the excitonic absorption derived from the
heavy hole band dominates the excitonic absorption data. The
derived exciton binding energies are similar to those reported by
Nikitine’” and Inagaki et al™ of ~62 meV. The weighted average
exciton binding energy is 54 meV, and the lower binding energy is
likely a result of the electron effective mass and the higher free
carrier concentration as expected by the model of excitons by
Mahan.”” This type of analysis using the Elliot fit is recommended
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anytime the presence of excitonic states influences the absorption
spectra of a compound*””" and is used in this work for determining
the bandgap of Cul rather than the commonly used Tauc plot fitting
procedure. The Tauc plot procedure uses the low-energy shoulder of
the excitonic absorption spectrum rather than the basic assumption
of absorption due to a parabolic band absorption edge, which cate-
gorically underestimates the bandgap of Cul as 3.0 eV compared to
the more-realistic value of Eg = 3.1 eV.

Steady-state PL spectra were conducted to investigate the evo-
lution of shallow acceptor states in Cul as a function of deposition
pressure which are shown in Fig. 5. Three gaussian functions were
used to resemble PL emissions derived from excitonic recombina-
tion (red), V¢, defects (green), and Oj defects (blue). Beyond the
p(0,) =3 x 107> mbar threshold pressure, the PL spectra of the
Cul films showed an increased high-wavelength shoulder of
the PL data, attributed the incorporation of O; defects. Notably, the
PL intensity of the O; defect relative to the other PL peaks scaled
with the deposition pressure. The emission energies (and peak full
width at half maxima) were restricted to 2.990 4+ 0.001 (0.045
+0.001), 2.958 + 0.002 (0.077 + 0.003), and 2.869 + 0.013 eV
(0.114 + 0.006 V), for the excitonic,”” Vg, ~ and Oj-derived
emission lines, respectively. If the energy difference between the
exciton emission energy from PL to the bandgap is assumed to be
identical to the (average) exciton binding energy, the V¢, defect
states lay 84 + 3 meV above the valence band maximum, while
the O; defect states lay 175 + 14 meV above the valence band
maximum. Storm et al.,® Bar et al.,” and Koyasu et al.'’ derived a
Vcu acceptor energy of 78, 95, and 150 meV, with which our results
are in good agreement. Also, density functional theory using the
Perdew-Burke-Ernzerhof exchange correlation functional with a
Hubbard parameter applied to the Cu 3d states calculations found
that the Of to O] acceptor transition is ~100 meV deeper than the

L 0, \ _
1x 10~* mbar — <N
7 — § S
a Veu
:_’ 7 x 1075 mbar
4 .
=, Excitonic
_%} 3 x 1075 mbar
a
2
i
3 X 107® mbar
<3x 1077 mbar /\
25 26 27 28 29 3 3.1 3.2
Energy [eV]

FIG. 5. (a) Normalized PL spectra fitted with gaussian functions resembling
excitonic (red), V¢, (green), and O (blue) PL features.
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FIG. 6. Near-valence band structure schematic with parabolic light (m;) and
heavy (mp,) bands, and the positions of V¢, and O, acceptors relative to the
valence band.

V2, to V&, acceptor transition."" A schematic of the Cul valence
band structure and the acceptor energy levels is visualized in Fig. 6.
In our films, the limited effectiveness of the Oy acceptor is further
masked by the abundance of V¢, acceptors in the present films, in
contrast with the films grown by Storm et al,” which possess
overall lower carrier concentrations (210" cm™).

IV. CONCLUSION

The aim of this work was to investigate whether small con-
centrations of O have notable effects on the optical and trans-
port properties of Cul thin films. This research clarifies how the
O partial pressure plays a role in the measured electrical and

optical properties of Cul films, and finds that the properties of ?
Cul are insensitive to the O partial pressure at or below a thresh- :

old pressure of p(O,)=3 x 107> mbar. The electrical, optical,
and structural properties notably vary above this threshold pres-
sure, where a O is incorporated in the films, as measured with
RBS. The highest mobility of the Cul films is observed when
deposited at a moderate partial pressure, which suggests a poten-
tial direction for achieving heavily doped and high mobility Cul
film deposition.

The controlled gas partial pressure environment we used to
incorporate O in our films is not compositionally equivalent to air
as it is missing other gaseous constituents such as nitrogen. For
Cul, however, O is expected to be the active ingredient in air,
which can be incorporated during film deposition. This is impor-
tant information for reducing the time needed to pump down
vacuum systems from atmosphere before Cul film deposition and,
therefore, reducing the cost of such a process. The Vg, defect is
found to be a shallower acceptor in Cul than O; by <100 meV, sug-
gesting that O is not an effective p-type dopant in already heavily
doped Cul.
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