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As a promising high mobility p-type wide bandgap semiconductor, copper
iodide has received increasing attention in recent years. However, the defect
physics/evolution are still controversial, and particularly the ultrafast car-
rier and exciton dynamics in copper iodide has rarely been investigated. Here,
we study these fundamental properties for copper iodide thin films by a
synergistic approach employing a combination of analytical techniques.
Steady-state photoluminescence spectra reveal that the emission at ~420 nm
arises from the recombination of electrons with neutral copper vacancies. The
photogenerated carrier density dependent ultrafast physical processes are
elucidated with using the femtosecond transient absorption spectroscopy.
Both the effects of hot-phonon bottleneck and the Auger heating significantly
slow down the cooling rate of hot-carriers in the case of high excitation den-
sity. The effect of defects on the carrier recombination and the two-photon
induced ultrafast carrier dynamics are also investigated. These findings are
crucial to the optoelectronic applications of copper iodide.

P-type transparent semiconductors with controlled hole concentra-
tion (V) and high hole mobility (p) are crucial for current optoelec-
tronics. However, obtaining transparent p-type semiconductors with
desired optoelectrical properties is extremely challenging. For
instance, efficient p-type doping for the common transparent con-
ducting oxides (TCOs) is rather difficult, because their O 2p derived
valence band maximum (VBM) is too low in energy and the VBM states
are highly localized” resulting in high ionization energies for most
acceptors and large hole effective mass or low hole mobility p. Hence,
seeking p-type transparent materials with a high VBM position with
respect to the vacuum level as well as a large valence band (VB) dis-
persion is greatly desired.

With a wide direct bandgap of 3.1 eV, p-type transparent copper
iodide (Cul) has attracted increasing attentions in recent years because
of its relatively high hole mobility and large exciton binding energy

(62 meV)** Cul has a zincblende ground-state phase below 643 K°® and
demonstrated versatility in a wide range of optoelectronic applica-
tions, e.g., as efficient hole-transport layer in solar cells’'® thin film
transistors"™ p-n heterojunctions'® thermoelectrics”"® and lasing
devices". The VBM of Cul mainly consists of Cu 3d and I 5p orbitals,
while its conduction band minimum (CBM) is mostly composed of Cu
4 s states. Nominally undoped Cul exhibits a hole concentration N in
the range of 10°-10*°cm™, mainly attributed to the energetically
favored formation of copper vacancy (V¢,) acceptors with rather low
ionization energy £(0/-) of ~-44 meV, while compensating donor native
defects (e.g., ¥}, Cu,, and Cu;) have relatively high formation energies as
the Fermi level Er approaches the VBM. In comparison with most
TCOs, Cul has a much larger VB dispersion, with a small hole effective
mass m,,-0.3 mo. A record hole mobility p of -43.9 cm* V™' s in single-
crystalline Cul has been reported”, which is two orders of magnitude
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higher than that of commonly used p-type NiO (u<0.1cm?V's1)?2
Appropriate extrinsic acceptor doping (e.g., by substituting the iodine
with chalcogen impurities like S or Se) can be employed to further
increase the p-type conductivity of Cul®* In the low excitation density
(i.e., the density of photogenerated electron-hole pairs less than the
corresponding Mott density) regime, the optical properties of Cul are
dominated by excitonic transitions. For instance, the absorption
spectrum exhibits two sharp peaks at ~3.06 eV (Z; , excitonic absorp-
tion related to the doubly degenerated VBM at the I' point) and -3.7 eV
(Z5 transition due to the split-off band), respectively”** while two
prominent peaks at -3.06eV (corresponding to the free-exciton
recombination) and -2.95eV (related to the bound exciton recombi-
nation or donor-acceptor pair recombination) respectively can be
observed in photoluminescence (PL) measurements.

Ultrafast carrier dynamics are known to determine the electronic
transport and optical properties of semiconductors. In other words,
the performance of optoelectronic devices depends strongly on the
generation, relaxation and trapping/recombination processes of
charged carriers involved. Therefore, understanding these ultrafast
transient processes (with time scales from ~100 fs to -1 ns) is vital to
optimize the design and the performance of various optoelectronic
devices® Despite numerous efforts devoted to the characterization
and device applications of Cul, the ultrafast carrier dynamics in Cul,
which is also closely related to the defects, has rarely been
investigated®.
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Fig. 1| Structural and electrical properties. GIXRD spectra (a) and Raman spectra
(b) of Cul thin films with different treatments, namely, as-grown (black), PTA in air
(red), and PTA in iodine vapors (blue). The red lines in b are the corresponding peak
fits. ¢ Electrical properties of Cul thin films with different treatments (i.e., as-grown,

In this paper, we report on a comprehensive study of optoelec-
tronic properties and ultrafast carrier dynamics of Cul thin films by
using a variety of analytical techniques including Hall-effect measure-
ments, spectroscopic ellipsometry (SE), PL spectroscopy and femto-
second transient absorption (fs-TA) spectroscopy. The p-type
transparent Cul thin films were synthesized by iodization of CusN thin
films. Effects of excitation density and defects on the carrier dynamics
were investigated in terms of the corresponding time scales and the
mechanisms for theses ultrafast processes (e.g., thermalization, cool-
ing, recombination, etc.).

Results

Crystal structure and surface morphology

Figure 1a shows the grazing incidence x-ray diffraction (GIXRD) spectra
of Cul thin films with different treatments (i.e., as-grown, PTA in air,
PTA in ;). The diffraction peaks observed in Fig. 1a can be indexed to
pure Cul JCPDS, 06-0246). The Cul thin films exhibit diffractions from
the (111), (220), and (311) planes, consistent with previous reports'.
The grain sizes were calculated by Scherrer equation from the widths
of the (111) diffraction peak. For Cul with thickness ~100 nm, the grain
size (D) for film with post-growth thermal annealing (PTA) in air
(D-37.1nm) and I, (D-32.5nm) is larger than that of the as-grown
(D ~30.5 nm) sample. Apparently, such annealing treatments in air or I,
can enhance the crystallinity of Cul thin film. In order to investigate the
dependence of full width at half maximum (FWHM) of XRD peak or the
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PTA in air, PTA in I,). d Normalized electrical properties of as-grown Cul thin films
(on glass substrate) with increasing aging time. In c or d, the black square, red circle
and blue triangle denote the N, p and p, respectively, and the corresponding dash
lines as guides for eye.
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grain size on the film thickness, we further carried out XRD measure-
ments for the as-grown Cul thin films with different thicknesses. The
FWHM of the (111) diffraction peak is found to decrease from 0.308° to
0.119°, corresponding to grain size increasing from 26.1 to 67.7 nm, as
the film thickness increases from ~60 to ~300 nm (see Supplementary
Fig. 1). Therefore, the crystallinity of as-grown Cul thin film improves
with film thickness. In the following sections, results were taken from
film with thickness of ~-100 nm, unless otherwise specified. The lattice
parameter of the as-grown Cul thin film is found to be 6.05 A, which is
close to the value from the literature. Note that there are no notice-
able diffraction peaks from CuzN phase, suggesting that the films were
completely iodized. Raman spectroscopy was further used to study the
vibrational modes of the Cul thin films. Figure 1b shows the Raman
spectra of Cul thin films with different treatments. The main feature is
the peak at 122 cm™ which can be identified as the transverse optical
(TO) mode®, while the relatively weak longitudinal optical (LO) peak
(-140 cm™) is probably masked by the broad TO peak®. Although the
Raman spectra of the three films look similar, a non-negligible
broadening of the TO mode peak can be obvious for films with dif-
ferent treatments. In Fig. 1b, the FWHM for the TO peak ranging from
14.6-16.3 cm™ is indicated for each film. Such broadening of the TO
peak can be attributed to the presence of disorders and/or defects in
Cul®. The TO peak of Cul thin film becomes narrower after PTA in air,
which is most likely due to the increased grain size and thus reduced
disorder. In contrast, the relatively wide TO peak observed for the Cul
films as-grown and PTA in I, atmosphere may be due to their relatively
high concentration of acceptor defects (e.g., iodine interstitials I;, Vc,
etc). The excess | may be incorporated as interstitials or promote Cu
vacancy formation. The SEM image shown in Supplementary Fig. 2a
reveals that the as-grown Cul thin film includes sharply defined trian-
gular grains, with relatively rough surface and high density of voids.
The corresponding AFM image is depicted in Supplementary Fig. 2b,
with a rms roughness of ~-12 nm. The effects of PTA treatments on the
surface morphology of Cul thin films are negligible. Be noted that
compact Cul thin film with smoother surface (rms roughness <5nm)
have been reported using other growth methods (e.g., pulsed laser
deposition™®).

Electrical properties

Figure 1c shows the hole concentration (V) dependent hole mobility (1)
and the resistivity (p) of Cul thin films with different treatments. The as-
grown Cul thin film exhibits N-9 x 10" cm™, p~2.4 cm?V's™, and p-107
Qcm, close to values reported previously™. It is observed that PTA in
air or I, has significant effect on the electrical properties of the Cul thin
film. Specifically, the N of Cul thin film after PTA in air (I,) decreases
(increases) to ~3 x 10" cm™ (-1.2 x10%° cm™), with the corresponding
mobility p increases (decreases) to -3.8cm?V7's? (2cm?V's™).
Among all the native defects in Cul thin film either grown in Cu-rich or
I-rich conditions, the copper vacancy V¢, has the lowest formation
energy and ionization energy, and thus mainly responsible for its
p-type conductivity'. Nevertheless, the electrical properties of Cul thin
film should also be related with other defects involved. It was reported
that the formation energies of these native acceptors (i.e., V¢, I; and
Icyw) in Cul in an I-rich environment become lower®. This implies that
the Cul thin film after PTA in I, may have a higher concentration of
native acceptor defects, consistent to our experimental observations
and other reported results”. It is worth mentioning that partial con-
tribution of holes from the I; cannot be ruled out, since the hole con-
centration of Cul thin film after PTA in I, underwent a fast reduction
with aging time and the I; might be shallow acceptors as indicated from
first-principles calculations?. However, the nature (i.e., shallow or deep
acceptor) of |; is still controversial. For instance, some studies found
that the I; are deep acceptors with ionization energy ~-0.5eV'**® in
contrast to the shallow acceptors as revealed in other investigations.
On the other hand, the reduction in N for the Cul thin film upon PTA in

air is most likely due to the possible removal and/or annihilation of V,
and out-diffusion of I,. In addition, the formation of additional com-
pensating donor defects (e.g., V;, Cu;, defect cluster V; + Cu;) in the Cu-
rich condition® cannot be ruled out. In order to evaluate the stability of
the as-grown Cul thin film on glass substrate, the normalized electrical
properties were recorded upon aging in the ambient air with increasing
aging time, as shown in Fig. 1d. It is found that the hole concentration
decreases rapidly to a stabilized value of ~60% of its original N with a
corresponding increase in the mobility by -20% within three days,
which is also likely due to the reduced concentration of V¢, and I; upon
aging. This suggests that the high N in the as-grown samples comes
from a high concentration of acceptor defects and ~40% of these
defects are very mobile with the rest (60%) are more stable at RT. The
more mobile defects are likely I; while the more stable ones are V¢,.
Regarding the high N in the nominally undoped Cul, possible con-
tributions from the oxidation and incorporation of atmospheric oxy-
gen into the Cul thin film were proposed recently by Storm et al.».
However, in our experiments, the N of Cul thin films did not show any
noticeable enhancement upon aging in ambient air. Based on DFT
calculation, Grauzinyte et al.” found that due to its high formation
energy, the substitutional oxygen in the iodine sublattice (i.e., O;) have
a rather low equilibrium defect concentration (-10°cm™) at room
temperature. Therefore, we believe that the hole concentration in our
Cul thin films is mainly attributed to their native defects (e.g., Vc, and
or |;) rather than the possible incorporation of O.

Optical properties

The optical properties of Cul thin films were investigated by using
SE. SE analysis was based on the three-layer optical model, i.e., the
glass substrates, Cul thin film, and a surface roughness layer. For Cul
thin films, a Psemi-MO oscillator, a Tauc-Lorentz oscillator, three
Gaussian oscillators and a Drude oscillator were used to describe
their dielectric functions. These dielectric function models can fit
the experimental SE data (W, A) quite well over the whole spectral
range. Figure 2a, b shows the measured and the fitted W and A,
respectively for the as-grown Cul thin film with the angle of inci-
dence of 65°. Be noted that index grading was used for the Cul layer
in the optical model to describe the linear variation of refractive
index throughout the film thickness induced by its graded micro-
structure as frequently observed in transparent conducting thin
films (e.g., tin doped indium oxide)*. It is found that the variation of
optical properties from the bottom of the film to the film surface is
quite low (e.g., the change in the refractive index An/n < 5%, while
the change in the absorption coefficient Ao/« < 6.4%) in the spectral
range of 3-4 eV. Such small change in the index would not affect the
main conclusion. In the following context, the mean value of the
optical constants (e.g., dielectric function, refractive index n,
absorption coefficient ) of the thin film were used for calculations
and discussions. We also find that the derived dielectric function of
as-grown Cul thin film (see Supplementary Fig. 3a) is quite close to
that of Cul film with similar hole density (-1.6 x 10 cm™) as deter-
mined numerically by a Kramers-Kronig consistent point-by-point
regression analysis®®. The absorption coefficient (a, obtained from
SE analysis) of the Cul thin film with different treatments are shown
in Fig. 2c. The excitonic band edge absorption at Ey~-3.06 eV
(denoted as Z;,) and the absorption peak at (Ep+Ag)-3.7eV
(denoted as Z5) are distinct for the Cul thin film with PTA in air, while
they both almost disappear for the as-grown and the Cul thin film
with PTA in I,. This suggests that the excitonic effects in the Cul thin
film are negligible as the carrier density is larger than -8 x 10" cm™,
due to the screening of Coulomb interaction. The free carrier
absorption (at photon energies <1.2 eV) is notable for the Cul thin
films with relatively high hole density (> 8 x 10" cm™), as seen from
Fig. 2c. In comparison with the as-grown Cul thin film, the Cul thin
film with PTA in I, shows negligible change in «, while the Cul thin
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film with PTA in air shows noticeable reduction in sub-gap absorp-
tion as well as the free carrier absorption (<1 eV). The origin of the
sub-gap absorption is related with native defects (e.g., Vcu, Vi, and
Vi + Cu; defect clusters etc) and/or the defects at grain boundaries.
We also note that excessive I, adsorption on the film surface and at
the grain boundaries may be present in the case of relatively high
concentration of I, vapor in the PTA treatment*’, which was verified
by its slightly yellowish color as well as its high sub-gap absorption
coefficient. Nevertheless, the exact origin of color in Cul is still quite
controversial. For example, Gao et al. ascribed this coloration of Cul
to adsorbed iodine species on the crystal surface*, while Koyasu
et al. suggested that possible native defects (e.g., Vcy, Vi, and I¢,) in
the bulk crystal rather than the surface states may account for its
unique optical properties*’. Since native defects in Cul are rather
unstable, the yellowish color from our fresh Cul thin film with PTA in
I, may also be related to the evolution of native defects involved.
The average visible transmission ranges from 60 to 80%, which is
higher than that of most p-type TCOs (e.g., NiO) with a similar film
thickness' but much higher resistivity (p-0.1-1 Q cm). In addition,

the Cul thin film deposited on a flexible PET substrate using the
same process exhibits similar optoelectronic properties as that of
on glass and sapphire substrates, suggesting its potential applica-
tions in flexible optoelectronic devices.

PL measurements were also employed on the Cul films to further
reveal details of the defects. Figure 3a shows the steady-state PL
spectra of these Cul thin films. A broad PL peak centered at ~420 nm
(i.e., 2.95eV) is observed for these Cul thin films, which is most likely
due to the recombination of the electrons in the conduction band with
the neutral Ve, (i.e., V2,)*** denoted as (e, V2,) recombination. In this
scenario, the higher concentration of V¢, would provide more states
(unfilled) for (e, V‘c)u) recombination and thus higher radiative
recombination probability at ~420 nm. In comparison with the as-
grown sample, the Cul thin film with PTA in air/l, vapor exhibits a
reduced/enhanced PL intensity, which can be mainly ascribed to the
enhanced/reduced trap-assisted nonradiative recombination. It is
worth mentioning that the PL quantum efficiencies of these Cul thin
films are rather low, indicating the dominance of nonradiative
recombination (e.g., Shockley-Read-Hall (SRH) recombination and/or
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Auger recombination*?). Upon aging in the ambient air, the PL intensity
of as-grown Cul thin film is found to decrease as the aging time
increases (see Fig. 3b), which is probably resulted from their gradual
increase/decrease in the concentration of deep defects (e.g., V;)/shal-
low acceptors (e.g., Vcy). Interestingly, the PL peak presents a slight
blue-shift from 423 to -420 nm (with energy difference -21 meV) as
increase of aging time. In order to better understand this PL peak shift,
the optical properties of Cul thin films with N ranged from 2.79 x 10" to
1.68 x10*° cm™ (achieved by PTA in air at 100 °C for varying durations)
were studied by using SE. The optical bandgap E' g”‘ was estimated from
the zero crossing of the first-derivative of the &, spectra, des,/dE*. As
the hole density increases from 2.79 x 10" to 1.68 x 10* cm, the E™*
of Cul thin film increases from ~3.057 to ~-3.11eV, as shown in the
Supplementary Fig. 3d. As N<-5x10”cm?, the obtained EX™
approximately equal to the corresponding free-exciton peak energy
(see the green region of Supplementary Fig. 3d), while as
N>-7x10" cm®, the EQ™is close to its band edge absorption energy
(see the red region of Supplementary Fig. 3d). This implies that exciton
peak energy blue shifts as the hole density in Cul thin film increases,
mainly due to the enhanced Coulomb screening induced reduction in
exciton binding energy (E,), similar to that observed in anatase TiO,"".
The energy difference between the valence band edge EV fmd the Ferml
level Eg (i.e., Ev-EF) was calculated by using N = 2”;‘1’232
where N is the hole density in the valence band, m,, is the denSIty of
state hole effective mass (m,, = (m3/ 2+m2/*)™") which is found to be
around 2.47 m. for Cul'®, kg is the Boltzmann constant, T is the tem-
perature, 1 is the Plank constant, Fy, is the Fermi-Dirac integral which
was calculated by method proposed by Bednarczyk et al.*®. It is found
that Ey-E is around O, and 29 meV for samples with hole density
N-7.6 x10" and 1.68 x10*° cm™3, respectively. Given the similar band
dispersions (e.g., m, =m, =0.3m,) for the CBM and the VBM of Cul'*,
the Burstein-Moss (BM) shift (Afgy) due to the hole filling in the
valence band of Cul thin film is approximately equal to the 2(Ey - Ef),
i.e.,, Afgy -2 (Ev - Ef), indicating that the AEgy; of Cul thin film with
N-1.68 x10*° cm™ is ~58 meV. For Cul thin film with negligible exciton
resonance, the optical bandgap can be expressed as

EP =Eg+AEgy — AEggr @
where Eg is the intrinsic bandgap of 3.1 eV, Afggr is the bandgap nar-
rowing due to the bandgap renormalization (BGR). It is found that the
AEgcg for Cul thin film with N-1.68 x 10%° cm™ is ~48 meV, which is lar-
ger than the energy shift (i.e., 21 meV) as observed in the PL spectra
(Fig. 3b). This is understandable, since the 48 meV represents the upper
limit of AEggg for our Cul thin films, while the energy shift of ~21 meV is
related to the change in the Afpgr (i.e., A(AEggr)) for the sample with
increasing aging time. Since the AFpgr is determined indirectly from Eq.
(1), quantification of the BGR effect in Cul thin films with distinct
excitonic resonance (i.e., samples with N<-7.6x10”cm™) is not
achieved in the present work. The right Y-axis of Supplementary Fig. 3d
further illustrates the quantity of Ej (ie., E;=3.1—EJ") for rough
estimates of exciton binding energy E, as a function of N with the
assumption of Afggr = 0. Apparently, £y, should be slightly larger than
the £ (Ey3.1 — AEgep—E), and the negative value of £}, indicates the
negligible excitonic resonance. It is worth mentioning that optical
absorption edge is related with the effects of BGR and BM shift, while
PL peak is not affected by the BM shift. The independence of PL peak on
the BM shift of Cul thin film was revealed in our experiments. As seen in
Fig. 3b, the PL spectra are dominated by the (e, V'2,) recombination in
the Cul thin films with hole densities up to ~10*° cm™, without any
noticeable effect from the BM shift in the degenerate samples. This can
be caused by following two reasons, (i) fast nonradiative recombina-
tion (e.g., Auger recombination, SRH recombination) of the majority

photogenerated electrons relaxed to the CBM by fast scattering and
the prominence of Vgu defect states. These two types of ultrafast
recombination (i.e., nonradiative and radiative) processes are probably
unrelated with the BM shift in the Cul thin films. Nevertheless, upon
variation in concentration of defect (e.g., Vc,) densities, the band tails
of Cul thin film and/or the broadening of the corresponding defect
band may also change and thus cause the PL peak shift. Hence, the PL
peak shift with aging time as observed in Fig. 3b may be attributed to
the change in the BGR effect and/or the variations in the band tails/
broadening of the defect band in the Cul thin film*’. We also note that
there is much debate on the origin of emission at -420 nm. For
instance, Nikitenko et al. assigned the PL peak at ~420 nm to donor-
acceptor pair (DAP) recombination'®; Nakamura et al. found that the
Cul thin film grown by molecular beam epitaxy exhibits a prominent PL
peak due to the free-exciton (denoted as X) recombination at ~3.06 eV
(405 nm) at RT, while this X emission peak gradually disappears and
another PL peak at ~2.96 eV (420 nm), attributed to the bound exciton
recombination, becomes distinct with decreasing temperature
(T<150K)”. It is unlikely that the PL peak at -420 nm for our Cul
thin films at RT arises from the bound exciton recombination, since the
bound exciton typically has a rather small exciton to the impurity or
defect binding energy. It is worth mentioning that the origin of the PL
emission at ~420 nm from the band-to-band recombination cannot be
ruled out due to the possible band-tail states induced PL emission (i.e.,
Stokes shift). To further elucidate the nature of the PL emission at
~420 nm, Fig. 3c illustrates the PL intensity as the function of excitation
power of the as-grown film. The power- dependent PL intensity can be
roughly expressed by using the expression /- Pex, where /is PL intensity,
P, is the excitation power and k is an exponent in range of 0-2°.
Generally, k=2 indicates the recombination of free electrons with
holes, 1<k <2 corresponds to free or bound exciton decay, while k<1
is related with impurity or defect-related emission. By fitting the PL
intensity, the k is found to be -0.74, further verifying that the observed
emission at ~420 nm can be ascribed to the defect assisted emission,
i.e., (e, V2,) recombination. Given the distinct excitonic absorption as
well as the broad PL emission peak as observed in the as-grown Cul thin
film (see Figs. 2, 3), the presence of free excitonic emission (at
~406 nm) cannot be ruled out.

Photocarrier generation and recombination kinetics

Pump-probe fs-TA measurements were carried out to understand the
charge carrier relaxation, trapping and recombination processes in
these Cul thin films. The 2D color plot of TA spectra of the as-grown Cul
thin film with A, =320 nm and F, = 0.64 mJ/cm’ is shown in Fig. 4a. For
comparison, the absorption (black line) spectrum is also depicted. The
TA spectrum presents two negative (i.e., AA < 0) photobleaching (PB)
peaks at ~406 nm (3.05 eV) and ~336 nm (3.7 eV), corresponding to the
photon energies for the free-exciton transitions (i.e., Z;, and Z3 in
Fig. 2). In general, free e-h pairs rather than excitons would be directly
generated in semiconductors upon photon excitation with energy
greater than the bandgap (£¢). Subsequently, the photoexcited carriers
relax to the band edges by phonon emission (via carrier-phonon scat-
tering) and lead to the formation of bound e-h pairs (excitons). Before
their recombination or under a steady-state excitation, a thermo-
dynamic equilibrium between the excitons (X) and the e-h plasmas
(EHP) can be established, i.e., X= e+ h. It is worth mentioning that the
formed excitons (if any) can be transformed into an e-h plasma by
strong collisions (between the excitons) induced-dissociation and/or by
the thermal ionization resulting from the strong screening of excitons.
At equilibrium, the fraction of free carriers relative to the excitation
density x (i.e., x = No/(N, + Ny) = N,/Ny) is related with the Saha equation®

photogenerated caorriers as discussed in the later sections; (ii) efficient x? _ 1 QamkyT/ hz)3/2 exp <7 Ey > 2)
radiative (e, V2,) recombination process related to the I-x N kpT
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Fig. 4| TA spectra and kinetic traces. a 2D color plot of TA spectra of as-grown Cul
thin film under the pump excitation with A, =320 nm and F, = 0.64mJ/cm?. The
corresponding absorption (black line) spectrum is also shown for comparison.

b Kinetic traces in the first 1 ns at selected wavelengths. Inset: kinetic at 406 nm
zoomed-in with time delay in the range of 15-35 ps. All the spectra are for the as-
grown Cul thin film.

where N is the excitation density, m, is the exciton reduced effective
mass, kg is the Boltzmann constant, h is the Planck constant, T is
temperature, and £ is the exciton binding energy. Be noted that the £,
depends on the excitation density No due to the Coulomb screening
and phase-space filling effects, which can be expressed by ref. 52

Ey(No) =Epoexp(—No/Nyor) 3)

where Epg is the exciton binding energy at low carrier concentration
and Ny, is the critical Mott density. For Cul, g is ~62 meV'®, while the
Mott density can be calculated by Nyo, = kg T /11mayE o, yielding Najor
of -4.5 x 10" cm™ at 300 K (using the exciton Bohr radius ay=1.39 nm).
Based on Eq. (3), the E;, (Njpr)is found to be ~24 meV, implying that
excitons cannot be stable at RT due to the thermal ionization as the
photogenerated carrier density is > Ny,.. Note that the Saha relation in
Eq. (2) is only valid at relatively low excitation densities (No < Nasor)
with negligible many-body effects®. The concentration of charge-
carriers excited by the pump excitation is governed by the absorption
coefficient (at A,,) of the material as well as the F,,.. The concentration of
excited carriers (i.e., the excitation density Np) can be approximated by
using the equation®**

F,-a 2 \?
- (o2
° T E, \l+n,

where the squared factor takes into account the reflective losses at the
air-sample interface, F, is the pump fluence, £, is the pump photon
energy, a, and n, are the absorption coefficient and refractive index at
the A,,, respectively. For F,,-0.13 mJ/cm* and 1.27 mJ/cm? (A,-320 nm), the
Ny is found to be ~1.0 x 10" cm™ and 1.0 x 10%° cm’®, respectively, which
are both higher than the corresponding Ny.(-4.5x 10" cm™) by 1-2
orders of magnitude. Generally, the excitons would cease to exist as
individual quasi-particles and thus excitonic effect is negligible as the
photogenerated carrier density >Ny, However, the exciton absorp-
tion is distinct in Cul thin film with N~ 5.0 x 10" cm™ (around one order
of magnitude higher than the calculated Mott density), as indicated in
Fig. 2c and Supplementary Fig. 3. The persistence of such excitonic
feature at carrier density above the Mott density is most likely due to the
formation of Mahan excitons, which were also reported in other
materials with large exciton binding energies®’. As shown in Supple-
mentary Fig. 3b, as the hole density is>~7x10” cm™, the exciton
absorption becomes negligible. Be noted that a fraction of EHP may be
present in the photogenerated carriers. By using Eq. (2), the fraction x is
found to be ~-88% and 57% for photogenerated carrier density -1 x 107
and 1x 10" cm3, respectively. Therefore, the PB at 406 nm (or 336 nm)

(see Fig. 4a, with excitation density ~5.0 x 10" cm) for the Cul thin film
can be attributed to the formation of EHP, intraband carrier relaxation,
as well as the filling of excitonic states. In addition, a positive AA at
longer wavelengths is also observed, which can be ascribed to the
photo-induced absorption (PIA) resulting from the BGR effect™®* In
order to better understand the kinetics of PB and BGR, Supplementary
Fig. 4a, billustrate the TA spectra at several selected time delays ranged
from 02ps to 2ps with F,=0.64m)/cm* and F,=2.54 m)/c?,
respectively. As seen, both the PB at 406 nm (or 336 nm) and the BGR
occur at a very short time scale of <200 fs after excitation, indicating the
ultrafast processes of EHP formation and the subsequent thermalization
in the Cul film. Under pump fluence of 0.64 (2.54) mJ/cm?, the change in
AEgcr due to the transient BGR effect reaches its maximum value of ~10
(18) meV at a time delay of ~1 (1.2) ps, which was estimated from the
energy shift at the transition point (i.e., PIA-PB transition point, see
Supplementary Fig. 4). In addition, the major PB peak exhibits a blue-
shift of ~8 meV with increasing |AA| under a certain pump fluence (e.g.,
0.64 mJ/cm?). In case high carrier density filled in the band edges, long-
range Coulomb screening may result in a blue-shift of the exciton peak
(if excitons are present) due to the reduced exciton binding energy,
while phase-space filling may also contribute to the blue-shift of exciton
peak or the absorption edge'’, which is actually revealed in Supple-
mentary Fig. 4. A high energy tail (with AA < 0) is also observed in the TA
spectrum above the £, in the wavelength range of 350-390 nm. Such
high energy tails in the TA spectra might result from the quasi-
equilibrium carrier distribution (i.e., the thermalized distribution) at a
relatively high temperature™¢° Before the thermalization, the
distribution of photocarriers is nonthermal (i.e., the nonthermal regime,
in which the distribution function cannot be described by the
temperature dependent Fermi-Dirac function), occurring at a time
delay typically less than 200 fs.

To better understand the carrier dynamics, the AA signals recor-
ded at the two maxima of the bleach (i.e., 406 and 336 nm) and the
photo-induced absorption at 414 nm are shown in Fig. 4b and fitted
using following equation®,

L4 —(t-tz)

S(t)= e ($>Z*ZiAieT 5)

IRF

- 6
P 2In2 ©)

Here, IRF is the instrument response function, t, is the FWHM of the
IRF, t, is the time zero for chirp correction, while A; and t; are
amplitudes and the time constant or the lifetime, respectively,
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*stands for convolution. As shown in Fig. 4b, the transient AA signals
for the three selected wavelengths can be fitted to a model with a
monoexponential rise with the time constant 7; and a biexponential
decay with time constants 7, and 13, respectively. The fast rise (with
7;-500 fs) of the AA at the PB maxima can be mainly attributed to the
thermalization (via carrier-carrier scattering) and the initial cooling
(via carrier-phonon scattering) of photogenerated carriers in the Cul
thin film. While the fast decay process with a time constant of 7,3 ps
is primarily related to the carrier trapping and nonradiative
recombination. Since the photogenerated carrier density is rela-
tively high (>10” cm™) in our experiments, the nonradiative Auger
recombination would be significant. Hendry et al. found that the
Auger recombination takes place directly at a time delay of ~1.5 ps
from the hot EHP (before their cooling) with a density above the
corresponding Ny, in ZnO>?. Therefore, the fast decay process with
a time constant 7,-3 ps is very likely due to the prominent Auger
recombination of the EHP, while the relatively slow decay process
with a time constant of 73-650 ps may be related to the electron-hole
recombination, denoted as (e, h) recombination. The recombination
mechanisms are further verified by an analysis using the rate
equation in the following paragraph. It is also interesting to find
that the AA undergoes a slight rise at a time delay of ~25ps in the
decay process with a decay time at around 3.68 ps, as illustrated in
the Fig. 4b and its inset. We note that such phenomenon only
appears in the case of relatively high pump fluence (F,>-0.1mj/
cm?). Wille et al. reported lasing emission from a Cul microwire
under fs-pulsed excitation with a threshold density of 0.3 mJ/cm?°.
Given the high excitation density (>Nuyot) under a pump fluence of
0.3mJ/cm? the stimulated emission as observed in the Cul
microwire was most likely due to the radiative recombination in a
degenerate EHP. In addition, the characteristic decay time for the
laser emission from the Cul microwire was found to be in range of
3.5-8.5 ps, which is close to the decay time (-3.68 ps) observed from
the inset of Fig. 4b. Therefore, it is reasonable to conjecture that the
slight rise in AA at 7p-25 ps owes to the stimulated emission (from
the radiative recombination in a degenerate EHP) induced re-
excitation in the Cul thin film.

To better elucidate the recombination kinetics in the Cul thin film,
fs-TA measurements with different F, and A, were also carried out.
Figure 5a displays transient absorption kinetic traces of the PB peak at
~406 nm for the as-grown Cul thin film under various F, from 0.13 to
2.54 mJ/cm’ (A, =320 nm). For a rough estimation, the photogenerated/
excess carrier density n at a specific time delay would be proportional to
the transient absorption change, i.e., n « |AA|, and thus the n in the
decay process can be calculated using the excitation density. Qualita-
tively, the kinetics of TA can be explained by the interplay between
different carrier recombination mechanisms, namely the trap-assisted
SRH recombination, exciton recombination, band-to-band (bimole-
cular) recombination and third-order Auger recombination, which can
be approximately captured by the following rate equation®?,

dn 2 3
—— =An+ + 7
I An+Bn*+Cn (7)

where the density of free carriers n is a function of the time delay ¢, and
A, B, and C are the recombination coefficients related with the SRH
recombination and/or exciton recombination (first-order, mono-
molecular recombination), bimolecular recombination (second-
order), and Auger recombination (third-order), respectively. Assuming
one single recombination mechanism, the solution for the first-, sec-
ond-, and third-order kinetics are expressed as

Inn —Inny= — A(t — ty) (8)

1 1

n ng B(t - ty) 9)
1 1
2 =2C(t - to) (10)

(0]

where ng and n are the excess carrier density at time delay of ¢ty and
t, respectively. If the recombination of carriers is dominated by a
single mechanism (i.e., SRH, exciton, bimolecular or Auger) at a
time delay ranging from to to t, the major recombination mechan-
ism can be distinguished from the relationship between n and ¢, as
described in Eq. (8-10). However, this assumption may over-
estimate the corresponding recombination coefficient, since other
recombination processes (e.g., trap-assisted SRH process) may also
contribute slightly or even partially to the overall recombination.
Thus the obtained recombination coefficients by using Eq. (8-10)
correspond to their upper limits. Be noted that the Auger
recombination would be dominant only in the case of high carrier
density (e.g., No >10°-10%° cm™). Accordingly, the Auger recombi-
nation coefficient C is only extracted from cases with high
excitation density (e.g., No >10" cm™), while the SRH recombina-
tion coefficient A is derived from cases with relatively low
excitation density (e.g., No<10”cm™). Figure 5b, c plots the
In(n)-In(ng) and the 1/n*> —1/n3, respectively at 406 nm as a
function of (t-tp) with different pump fluences. The to=1.4 ps in
Fig. 5b, ¢ is the time delay corresponding to |AA| rising to its
maximum. It is found that In(n)-In(ng) shows a linear dependence of
time delay as the F, is relatively low (i.e., < 0.64 mJ/cm?), indicating
that the initial decay process (with t<10 ps) is dominated by the
trap-assisted SRH recombination. In contrast, the 1/n? —1/n3
presents a linear relationship with time delay less than 6 ps as the
F, is relatively high (e.g.,>1m])/cm?), suggesting that the corre-
sponding decay process is governed by the Auger process.
Interestingly, we also find that the decay process can last for a long
time >7000 ps, as shown in Fig. 5d. In addition, the 1/n—1/n,
presents a linear dependence as time delay is >30 ps, which can be
attributed to the radiative (e, h) recombination process. It is worth
noting that the aforementioned possible stimulated emission from
the degenerate EHP likely occurs in the initial stage of this (e, h)
recombination process. From their linear fits as shown in Fig. 5b-d,
the corresponding (average) recombination coefficients (i.e., A, B, C
for the SRH, bimolecular and Auger process, respectively) can be
derived, with  A-242x10"s™,  B-1.30x10"cm?s?, and
C-7.42x10 cm®s™. The inset of Fig. 5d is the plot of 1/n—1/n,
vs. (t - tp) under relatively low pump fluence (i.e., 0.13 mJ/cm?), which
gives B (-107° cm?s™) by -2 orders magnitude larger than that of from
cases with high pump fluences (e.g., 2.54 mJ/cm?). By using Eq. (2, 3),
the fraction of exciton is found to be ~20% for the excess carriers with
density ~2x10Ycm™, which implies that the high bimolecular
recombination coefficient B extracted from the cases with low pump
fluences might be overestimated owing to partial contribution
from the exciton recombination. It is worth mentioning that the
recombination coefficients in semiconductors are highly dependent
on their excess carrier densities™* which is also manifested in
Fig. 5b-d, i.e., different slopes or recombination coefficients under
different excitation densities. For the cases with high excitation
density (e.g., > 10" cm™), the excitonic process would be negligible at
the initial decay process with carrier density >10%° cm™.

Effects of pump fluence F,, on the maximum signal AA are also
investigated. Figure 6a shows TA spectra of Cul thin film with different
F, (tp=5ps, A,=320 nm). As shown in Fig. 6b, the amplitude of AA at
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the bleaching maxima of 406 nm increases linearly with the pump
fluence with F, < 1.5 m)/cm?, and saturates at a constant value of -—0.22
when £, is > ~1.5 mJ/cn?’. Such saturation of photogenerated carriers
was also observed in other semiconductors, e.g., CH;NH3Pbls, GaN,
and ZnO®°° which was attributed to the EHP induced band filling (i.e.,
Burstein-Moss shift) and even the exhaustion of the number of avail-
able states under high excitation fluence. In contrast to the TA spectra
under relatively low F, the TA spectra exhibits a notable absorption at
photon energies larger than bleach energies (i.e., 406 and 336 nm)
when the F,>2mJ/cm’ (see Fig. 6a). Such photo-induced non-
resonance absorption at energies above or below the bandgap was also
observed in monolayer WS, when excited by an intense laser pulse®,
which was ascribed to the strong photo-induced restructuring of
energy bands.

It is worth mentioning that the accurate determination of tran-
sient absorption may also need to take into account the transient
reflectance as well, though the change in reflectivity can be neglected
for low refractive index materials. In order to verify the effect of
reflectivity change on the overall absorption change, we performed
the transient transmission and transient reflection measurements with
incident angle of probe beam of 45° (see the Supplementary Fig. 5 for
the schematic diagram). By only taking into account the reflection at
the air/Cul interface, the transient absorption coefficient change Aa

can be expressed as,

AT R AR
+

(=)= T *1_R 1n

1-RR

where [is the path length of the transmitted light in the Cul thin film, 47
is the relative transmission change, 28 is the relative reflection change,
R is the reflectance (incident angle of 45°) at the steady-state (i.e.,
without pump excitation) which can be derived from the SE analysis.
The derivation of Eq. (11) can be found in the Supplementary Note 1.
Supplementary Fig. 6a shows the relative transmission change AT/T,
relative reflectivity change AR/R, and (-Ax)! at Aprope =406 Nm as
function of time delay (A, = 320 nm, F,, = 2.54 mJ/cm?). Supplementary
Figure 6b plots the relative absorption coefficient change Aa/a at
Aprobe =406 nm under pump fluences of 2.54 mj/cm? and 1.91 mJ/cn?’.
As seen, the maximum reduction in a at this wavelength is ~55%, i.e., |
Aa/al-55%, implying that the complete bleaching of exciton absorption
occurs as the (photogenerated) carrier density reaches -2 x 10%° cm™.
Supplementary Fig. 7a shows the relative contribution to the
absorption change, ie., (%;48)/(41), as a function of time delay
(<15 ps) at three typical wavelengths (i.e., 395, 406, and 414 nm). As
seen, the consequence of neglecting the change in reflection (AR)
depends on the wavelength, e.g., (i) at the wavelength of 406 nm,
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Fig. 6 | Dependence of TA spectra on pump fluence. a TA spectra of Cul film under different F, (A, =320 nm) at a time delay of 5 ps. b The maximum of AA vs F,, monitored

at 406 nm.

[(:2z58)/(40)] is less than 0.05, indicating that AR of Cul thin film has
negligible influence in evaluation of the transient absorption AA at this
probe wavelength, (ii) at the longer wavelength of 414 nm, (;£,48) /(&)
presents relatively high positive values, up to ~1.25 at time delay -3.3 ps,
indicating the under estimation of AA, iii) at the shorter wavelength of
395 nm, the (;£;48)/(4]) is negative, with its maximum absolute value
less than ~0.3, implying a little over estimation of AA. Supplementary
Fig. 7b further plots the « of Cul thin film at different time delays, with
the o representing the absorption coefficient without pump excita-
tion. As seen, the « is reduced at wavelength of 406 nm, while it is
increased at wavelength of 395 or 414 nm, which is consistent with the
results from Fig. 6a, i.e., PB at ~406 nm and PIA at 395 or 414 nm. A
direct comparison of the transient absorption spectra without (A7/
(T+R)) and with ((AR + AT)/(T +R)) consideration of transient reflec-
tion change (AR/(T+R)) at a time delay of 2ps are depicted in
Supplementary Fig. 7c. Again, it is found that the effect of AR on the
transient absorption spectra is not significant. Therefore, we can
conclude that neglecting the reflection change AR in our TA
measurement would not qualitatively change the results. Thus, in the
following sections the TA spectra are derived only from their transient
transmission spectra.

Hot carrier cooling dynamics

Figure 7a further illustrates the normalized TA spectra under different
pump fluences (F,<2 mJ/cmZ,/lp =320 nm) at the time delay of 5 ps.
Owing to the increased band filling with increasing F,*, the PB peak in
TA spectra shows a slight blue-shift (with energy difference -10 meV),
meanwhile the high energy tails also become more prominent. In the
initial cooling stage, carrier-phonon scattering plays the dominant
role. Under high pump fluence, the cooling of hot carriers may slow
down due to the effect of hot-phonon bottleneck, i.e., the excess hot-
phonon population increases the phonon reabsorption and thus
reduce the net cooling rate®®*’. Since hot carriers occupy electronic
states with relatively higher energies above the bandgap energy (i.e.,
406 nm), it is preferable to study the decay kinetics of AA at a higher
energy (e.g., 395nm) in order to better understand the effect of hot-
phonon bottleneck in the Cul thin film. Figure 7b plots the decay
kinetics of TA spectra probed at wavelength of 395 nm with different F,,
as well as their fits by using Eq. (5, 6). Interestingly, the decay signal
recorded at 395 nm can be fitted to a monoexponential decay model,
with the time constant (corresponding to the major cooling process)
increasing from -1 to -3.5 ps as the F, increases (see Supplementary
Table 1). Such increase in the time constant with the F,, is due to the
effect of hot-phonon bottleneck. Based on a model calculation,

Herrfurth et al. found that the relaxation of hot carriers in Cul is
dominated by carrier-LO-phonon interaction and the hot-phonon
effect can delay the relaxation process by few picoseconds’, which is
in good agreement with our findings.

To better elucidate the hot carrier cooling dynamics, the carrier
temperature as a function of time delay is calculated. The high energy
tail of TA above the band edge (from 3.1 to 3.4 eV) reflects energy
distribution of state filling by hot carriers. Once the thermalization is
reached for the EHP, the carrier temperature can be estimated by fit-
ting the TA spectra above the band edge in a certain energy range (e.g.,
3.1-3.4eV for our case as shown in Fig. 7c) using the relation
|AA] oc exp((Ef — E)/kgT ), where Eris the quasi-Fermi level, kg is the
Boltzmann constant, T¢is the carrier temperature. Figure 7d shows the
T¢ for the as-grown Cul thin film under different pump fluences (with
A, =320 nm). For relatively low F, (i.e., ~0.13 mJ/cm?), the initial T¢
cools down rapidly from ~700 K to ~RT within 3 ps. As the F, increases,
the initial T becomes higher with an increased cooling time constant
Tc due to the effect of hot-phonon bottleneck. For instance, 1 is larger
than 4 ps for relatively high F, (e.g.,>0.64 mJ/cm?). Note that the
obtained tc is larger than the time constant as given in Supplementary
Table 1, which can be ascribed to their different cooling processes
included, i.e., the former process is related to carrier-phonon scatter-
ing and the phonon-phonon scattering, while the latter is mainly
associated with the carrier-phonon scattering. With a high pump flu-
ence, the T¢ also exhibits a slight rise at a time delay of ~10 ps with the
corresponding tc > 6 ns, as indicated in Fig. 7d. Similar with the AA as
shown in the inset of Fig. 4b, such slight rise in T¢ can be attributed to
the aforementioned stimulated emission induced re-excitation, while
the relatively long 1c most likely results from the Auger heating when
the photogenerated carrier density is high*®.

Two-photon induced ultrafast carrier dynamics

Two phase-coherent photons with hv<E, can be absorbed coopera-
tively in semiconductors, and thus the electron-hole pairs can be
generated by such two-photon absorption (2PA) process. 2PA has been
found in different semiconductors (e.g., ZnO, B-Ga,03, GaAs etc)”’%
For instance, two-photon and three-photon absorptions in ZnO were
attributed to the defect-states-mediated multiphoton absorption
process’ In order to investigate the possible 2PA in the Cul thin film,
the fs-TA measurements were also carried out with the pump excita-
tion energies less than the Eg of Cul. Figure 8a shows the TA spectra of
Cul film under different F,, with A, = 520 nm and 7, = 0.5 ps. As seen, the
magnitudes of both the high energy tail (due to the band filling) and
the low energy tail (due to the PIA) increase as the F, increases,
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sponding to Maxwell-Boltzmann distribution to extract the hot carrier tempera-
ture T¢. d The obtained 7¢ as a function of time delay.

analogous to the TA spectra under excitation energy >Fg. Similar
phenomena are also observed for TA spectra under pump excitation
with longer A, (e.g., 600 nm). 2PA is a third-order nonlinear process
and is highly dependent on the intensity of the excitation beam, in
which the attenuation is proportional to the square of the laser
intensity”>. The measured |AA| signal (recorded at 5 ps after excitation)
shows a linear dependence with the square of pump fluence F, (see the
inset of Fig. 8b), further verifying the photoexcitation via 2PA process.
The closed-aperture Z-scan measurement was also performed to
investigate the 2PA process. As illustrated in Fig. 8c, the corresponding
Z-scan trace shows a distinct valley at z= 0, confirming the existence
of 2PA.

Figure 8b shows the kinetic traces probed at 406 nm with differ-
ent pump fluences, and the decay kinetics are fitted by a mono-
exponential decay model, with the results given in Supplementary
Table 2. The corresponding time constant or lifetime is found to
increase with F,. Be noted that the carrier dynamics under the pump
excitation with energy < £ (as shown in Fig. 8) differs significantly
from that of under pump excitation with energy > Eg (as shown in
Fig. 5), which is mainly due to their large difference in the excitation
densities (N, o |AA|max)- When the excitation density is close to the
Mott density, the formation of excitons and thus the co-existence of
excitons and EHP are very likely to occur in the recovery process. The
estimated excitation density under excitation (1,=520nm) with
F,=0.26~2.6 mJ/cm? is in the range of 4 x 107-8 x 10'® cm™, which is

below or close to the Mott density for Cul. Hence, we may infer that the
bleaching at 406 nm is due to the filling of exciton levels by the
induced exciton population in these cases with relatively low carrier
density (<10 cm™). To further reveal the recombination of the 2PA
induced carriers, Fig. 8d plots the In(n) — In(ng) as a function of time
delay with different pump fluences (1,=>520 nm). Interestingly, two
different types of monomolecular recombination can be identified
from their initial decay processes (time delay < 20 ps), as indicated by
the two different linear regions. The corresponding (average) recom-
bination coefficients extracted from the first linear region (with their
fits denoted by the red dash lines) is A;- 7.93 x 10" s, which is close to
the SRH recombination coefficient obtained from the TA spectra with
higher excitation densities (see Fig. 5b). Hence, the decay process in
the initial 5 ps is dominated by the trap-assisted SRH recombination.
While the other monomolecular recombination coefficient derived
from the second linear region (with their fits denoted by the black dash
lines) is A,-6.40x10"s™ one order of magnitude smaller than A,
which is most likely related to the exciton recombination. This ultrafast
carrier trapping (- ps) occurring in Cul after photoexcitation is com-
parable with that in ZnO™.

In Supplementary Fig. 8, the different recombination coefficients
(i.e., SRH recombination coefficient A;, exciton recombination coeffi-
cient A,, bimolecular recombination coefficient B, and Auger recom-
bination coefficient C) for the as-grown Cul thin film with varying
photogenerated carrier densities are summarized. Apparently, the
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recombination coefficients (i.e., A;, B, and C) show reduction as
increasing of carrier density, consistent with the observation from
other semiconductors (e.g., GaN)*>** The lifetime of SRH recombina-
tion Tsgy can be written as

n

maj T (12)

TsjH = Tmin T T,

where T, (Tpy;) is the minority (majority) capture time by deep level
defects, n is the excess carrier density, and N is the background
doping density®*” As increasing of the excess carrier density n, Eq.
(12) clearly indicates that the 75z would increase, leading to reduc-
tion of the corresponding SRH recombination coefficient A; (4,=1/
Tsry), Which is a typical behavior for SRH recombination at an inter-
mediate density regime. On the other hand, the decrease of recom-
bination coefficients B and C with the excess carrier density can be
attributed to the phase-space filling effect®. It is also interesting to
find the exciton recombination coefficient A, and thus the exciton
radiative recombination lifetime 7y (i.e., 1/4,) are nearly independent
with the excess carrier density in range of 7 x 10*-4 x 107 cm™, Such
density independent recombination coefficient A, (-7.6 x10s™)
further evidences its excitonic nature of radiative recombination’®.
Nevertheless, the A, shows a smaller value (-3x10°s™) as the
photogenerated carrier density decreases to ~10"cm™ (with the
corresponding exciton density -10" cm™) which might be related

with its more efficient exciton-phonon scattering and weaker
exciton-exciton interactions”.

Effect of defects on the ultrafast carrier dynamics

As discussed in the previous sections, Cul thin films PTA in I, and air
exhibit very different optoelectronic properties, which is mainly
related to differences in defects present in the samples. So far, we
only investigated the ultrafast carrier dynamics in the as-grown Cul. It
is also interesting to see effects of defects in the PTA Cul thin films on
the carrier dynamics. To this end, the TA spectra (1,=320 nm, F,=
2.54 mJ/cm?) of Cul thin films with different treatments (i.e., as-
grown, PTA in air, and PTA in I,) are measured, and compared in
Fig. 9a. Generally, the TA spectra for these Cul thin films with dif-
ferent treatments exhibit similar features. The corresponding decay
kinetics of the bleach signal at 406 nm as well as their fits are
depicted in Fig. 9b. We find that the lifetime of photogenerated
carriers increases/decreases upon PTA treatment in I,/air as com-
pared to that of the as-grown Cul thin film. As mentioned earlier, the
Cul thin film with PTA in air has higher concentration of deep defects
(e.g., Vi and V;+Cu; defect clusters) than the as-grown Cul. These
deep defects can enhance the overall Auger recombination via the
trap-assisted Auger recombination*®’® resulting in an increased
Auger recombination coefficient (C-16.4 x107° cm®/s). In compar-
ison, the extracted Auger recombination coefficients for the Cul thin
film PTA in I, (-4.94 x107° cm®/s) is lower than that of the as-grown
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Fig. 9 | Dependence of ultrafast carrier dynamics on defects. a TA spectra of Cul thin films with different treatments (F, = 2.54 mJ/cm?, A, =320 nm). b Normalized PB

dynamics probed at the 406 nm, with the lines the corresponding fits.

sample (-7.23 x107%° cm®s). Therefore, the nonradiative recombina-
tion process is aggravated (mitigated) by the increased (decreased)
concentration of deep defects in the Cul thin film PTA in air (I,),
leading to shorter (longer) effective carrier lifetime. As mentioned
earlier, the radiative recombination in Cul can be mainly attributed to
the (e, Vgu) recombination when the photogenerated carrier density
is relatively high (e.g., >10" cm™). The shallow acceptor Vc, can be
ionized easily at RT, while these photogenerated free holes can be
trapped by these ionized V(,, forming neutral copper vacancies.
Thus the (e, V2,) recombination can be regarded as a bimolecular
recombination process. By using Eq. (9), the bimolecular recombi-
nation coefficients B for the Cul thin film after PTA in air and in I, are
found to be -0.88x10™ and ~2.06 x10™cm?/s, respectively. In
comparison with the B for the as-grown sample (i.e.,
B-1.30 x10™ cm?/s), the radiative recombination coefficient for the
sample PTA in air (I,) decreases (increases), which is reasonable since
the conduction band to acceptor transition probability is propor-
tional to the concentration of holes in the acceptor levels (i.e., the
concentration of V2, in the case of Cul). This implies that the radia-
tive (e, V2,) recombination is more (less) efficient in the Cul thin film
after PTA in I, (air). Nevertheless, the decreased PL intensity for Cul
thin film with PTA in air (see Fig. 3a) is mainly due to its enhanced
nonradiative recombination as a consequence of increased deep
defects. The bimolecular recombination coefficient B and the Auger
recombination coefficient C for the Cul thin films with different
treatments are summarized in Supplementary Table 3.

The overall relaxation pathways of photogenerated carriers in
the Cul thin films are depicted in the schematic diagrams in Fig. 10.
When the excitation density is much higher than the Mott density (in
the left panel), ® the generated EHP is thermalized within ~0.5 ps via
carrier-carrier scattering; ® the EHP with relatively high concentra-
tion (>10" cm™) undergo a dominating Auger recombination process
at a time delay in the range of 1.4-5.5 ps, with the cooling rate of EHP
drastically slowed down by the effect of hot-phonon bottleneck as
well as the Auger heating, while for the EHP with a medium con-
centration (10®¥-10" cm™), the trap-assisted SRH recombination
plays the major role in the initial decay process; ® the radiative
bimolecular recombination processes, including the (e, h) recombi-
nation and the (e, V2,) recombination, occur at a time delay in the
range of 30 ps-a few ns to complete the entire recovery process. On
the other hand, when the excitation density is less than the Mott
density (in the right panel), ® the thermalization of photogenerated
carriers is completed at a time delay <100 fs, and the hot carriers
cool rapidly via carrier-phonon scattering with a time constant of

~2 ps; @ the photogenerated carriers undergo a fast trap-assisted SRH
recombination at a time delay in the range of 0.75-6 ps, followed by
® a radiative exciton recombination at a time delay in the range of
6-20 ps; @ radiative (e, h) recombination and (e, V2,) recombination
dominate the decay process as the time delay is >20 ps. It is worth
noting that in both cases, both EHP and excitons co-exist in the
processes of relaxation and recombination.

In conclusion, we comprehensively investigated the optoelec-
tronic properties and the ultrafast carrier dynamics of Cul thin
films. The as-grown Cul thin film exhibits hole concentration
N-9x10¥cm™, and the N decreases (increases) to ~-3x10"cm™
(-1.2x10* cm®) after PTA in air (I,). The free holes can be primarily
attributed to shallow native acceptors (e.g., V¢, I;) in the Cul thin films.
PTA treatments in air facilitates the formation of native donor defects
(e.g., V,, Cu,; Vi +Cu; defect clusters). The absorption spectra indicate
that the excitonic feature of Cul maintains at a high carrier density up
to -5 x 10" cm™ owing to the possible formation of Mahan excitons at
RT. PL measurements reveal that the emission peak at ~420 nm is most
likely due to the radiative (e, V2,) recombination. Femtosecond tran-
sient absorption (fs-TA) measurements were carried out to understand
the ultrafast carrier dynamics in these Cul thin films. Through carrier-
carrier scattering, quasi-equilibrium distribution of photogenerated
carriers is rapidly built up (<200 fs) within the time resolution of our
TA setup. For relatively high excitation density (>10" cm™), the EHP
underwent a fast Auger recombination (with Auger recombination
coefficient of ~7.42 x 107° cm®/s) in the initial decay process with a time
delay < 5-6 ps, while the carrier cooling rate (with cooling time ~6 ns)
slows down notably due to the effects of hot-phonon bottleneck as
well as the Auger heating. Interestingly, a re-excitation was also found
at a time delay ~-25 ps, which is most probably due to the stimulated
emission from the degenerate EHP. As in the case of medium excitation
density (108-10" cm™), the photogenerated carriers rapidly cool
down with a cooling time <3 ps, and the initial recombination is gov-
erned by the trap-assisted SRH process (with the SRH recombination
coefficient of ~2.42 x 10" s™). When the excitation density is relatively
low (<10" cm™), the SRH recombination plays the major role in the
initial decay process with a time delay < 6 ps, followed by a radiative
exciton recombination (with recombination coefficient of -6.4 x10%'s
) at a time delay in the range of 6-20 ps. As the time delay is >20 ps,
the recombination kinetics is dominated by the radiative bimolecular
recombination process (with recombination coefficient of
~1.3x10 ™" cm?®s™). As increasing of excess carrier density, recombina-
tion coefficients linked to the SRH recombination, bimolecular
recombination and Auger recombination decrease, while the radiative
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exciton recombination coefficient is nearly constant. Two-photon
absorption in the Cul thin films was verified from the fs-TA measure-
ments as well as the Z-scan measurements. Two-photon induced
ultrafast carrier dynamics was also discussed. Cul thin films with dif-
ferent PTA treatments show distinct defect-related recombination
behaviors, i.e., the nonradiative recombination in the Cul thin film PTA
in air is accelerated by deep defects via the trap-assisted Auger
recombination, while the radiative (e, V2,) recombination is more
efficient in the Cul thin film TPA in I, due to its higher density of V2.

Methods

Synthesis of Cul thin films

The precursor CuzN thin films were deposited on glass and quartz
substrates by reactive radio-frequency (RF) sputtering of a metallic Cu
target in a mixed atmosphere of N, and Ar (flow ratio of f{N,):f(Ar) =
2:1) without intentional substrate heating. The Cul thin films with
thickness ~96 nm were subsequently obtained by solid iodization of
the CuzN precursor films with sufficient iodine powder to cover the
CusN thin films in a sealed container at room temperature (RT) for
around 20 min. Post-growth thermal annealing (PTA) at 100 °C for
10 min was carried out either in air or iodine (I,) vapor to further
control the defect concentration.

Film characterizations

The crystal structure was analyzed by using grazing incidence x-ray
diffraction (GIXRD) with a grazing incidence angle of 1°. Raman spectra
were measured at RT under the excitation of a 532 nm-wavelength laser
by using a Jobin Yvon LabRAM HR 800 UV micro-Raman system. The
surface morphology and surface roughness were characterized by using
field emission scanning electron microscopy (SEM; Gemini 300, Carl-
Zeiss) and the atomic force microscopy (AFM; Dimension Icon, Bruke),
respectively. Optical properties of Cul thin films were obtained from
standard spectroscopic ellipsometry (SE) measurements performed at

RT in the photon energy range of 0.75-5.9 eV at incidence angles of
@ =65° using a commercial rotating-compensator ellipsometer (Eop-
tics, SE-VM-L) in the polarizer-compensator-sample-compensator-ana-
lyzer (PCSCA) configuration. Electrical properties were investigated by
Hall-effect measurements in the van der Pauw configuration. Steady-
state PL spectra were recorded under the excitation wavelength of
320 nm using a xenon lamp as the excitation source. Pump-probe fs-TA
spectroscopic measurements were performed at RT in the spectral
range of 320-700 nm using a -84 fs pump pulse with varying pump
fluence (F,) and pump wavelength (A,). The excitation source was an
800 nm pulsed laser with a pulsed duration of 84 fs and a repetition rate
of 1kHz. The pump laser with different wavelengths were produced by
using an optical parametric amplifier (OPA, TOPAS-C, Light Conversion)
system, while a broadband (320-820 nm) white-light probe beam was
generated via supercontinuum generation from a 2 mm thick sapphire
or CaF, plate by focusing the 1kHz Ti:Sapphire amplified laser (Coher-
ent, Astrella-Tunable-F-1k). The probe beam is vertical to the sample,
with pump-probe angle of ~5°. The same laser source was used to study
the nonlinear absorption using the closed-aperture Z-scan technique.

Data availability
The source data that support the findings of this paper are provided
with this paper. Source data are provided with this paper.
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