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Cu or Cu/Au (80nm-thick Cu, 50nm-thick Au) sputtered on Si were kept at 25 °C for a week
or annealed at temperature from 80 to 300 °C, then tested for THz emission under
femtosecond laser irradiation (35 fs-800nm). THz radiation was detected from samples
annealed from 80 to 170 °C, which had Cu20/Cu interface as the THz source. Cu/Au/Si
annealed at 80 °C emitted the highest THz radiation because of high laser absorption by the
porous Cu20 layer formed at low temperature and the Au film reflected THz radiation and/or

increased the laser absorption by Fabry—Pérot effect.
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Studies of THz radiation are impelled by applications such as non-destructive
examination', biological molecules detection** and broadband communication.®” It is
known that ZnTe and GaAs are promised THz sources under ultrafast pulse laser
irradiation.®!'? The laser pulses accelerate charge carriers at the air/semiconductor interface,
where the depletion field (also known as Schottky field) exists, and develop a transient
current as the source of THz radiation.'!"!?

Cuprous oxide (Cu20) is also an attractive THz source because it is low-cost.!3!?)
Several reports found the THz wave emission enhancement from Cu20, which was formed
via oxidative annealing of Cu layer, on Au/Si substrate.'*!” For example, Ramakrishnan et
al. demonstrated the THz wave emission intensity increased with the thickness of Cu20 layer
and a 420nm-thick Cu20 layer had the highest THz wave emission was observed in their
study. Such enhancement of THz radiation was due to more void spaces existed in a thicker
layer, promoting laser absorption. They also found that Cu2O films with thickness less than
100 nm, annealed at temperature of 250 °C for 3 h emitted almost zero THz wave.'” It is
noted that the temperature for oxidizing a Cu film in air is an important factor since high
temperature promotes the oxidation rate of Cu and influences the thickness, grain size and
porosity of the oxide layer. We found different annealing temperatures (110 °C,!*!%
220 °C,'® 250 °C!'") were used in the literatures for oxidizing the Cu film to Cu20 as THz
source, but there is no report regarding the effect of the annealing temperature of a Cu film
to the THz wave emission intensity.

Here, we report the THz wave emission from annealed Cu film with respect to the
annealing temperature on Si or Au/Si substrates. The Cu/Si or Cu/Au/Si structures are
prepared by sputtering metal films on Si substrate. Both structures have the highest THz
wave emission intensity after annealing at temperature of 80 °C for 2.5 h. THz wave
emission decreased from Cu/Si or Cu/Au/Si structures by increasing the annealing
temperature from 80 to 300 °C. It is suggested that the THz wave emission from annealed
Cu film is owing to Cu20/Cu interface based on the findings of material characterization.

Non-doped <100>-oriented Si wafers (Global Top Chemical, Japan) with size of 1
cm? were the substrate. The wafers were washed with acetone by ultrasonic bath and rinsed
with distilled water. They were put into 8% HF solution for 20 min to etch away the SiO2 on

the surface followed with UV-ozone cleaning. Sputtering was used for metal film deposition.
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Sputtering pressure and current were 2 Pa and 30 mA, respectively. To prepare single Cu
structures, Cu (99.99% in purity, 50 mm in diameter, Nilaco, Japan) target was sputtered for
25.5 min. To prepare Cu/Au structures, Au (99.99% in purity, 50 mm in diameter, Tanaka
Precious Metals, Japan) was sputtered for 6.5 min followed with sputtering Cu for 25.5 min.
Both structures were kept at ambient (25 °C) for a week or annealed in a maffle furnace for
2.5hat 80, 110, 140, 170, 200, 250 and 300 °C, respectively. X-ray diffraction (XRD, Rigaku
MiniFlex II, Cu Ka radiation, A= 0.15418 nm , scanning range = 30 to 75°) was conducted
for Cu films before and after annealing. Transmission electron microscope (TEM, JEOL FX-
2000, 200 kV) observation was performed to measure film thickness after sample
preparation with focus ion beam (FIB).

Laser irradiation experiments for THz time-domain spectroscopy (TDS) were
carried out in a usual manner. Femtosecond laser pulses (35fs/transform-limited, 800nm, 1
kHz, Mantis/Legend Elite HE USP, Coherent) were irradiated without focusing to the sample
surface, which is held on a conventional mirror holder, with the incident angle of 45°. The
incident laser intensity was fixed at 0.14 mJ/pulse and the beam diameter was 8 mm. THz
wave emission toward the reflection direction was transferred to a setup for electro-optic
sampling with a <110>-oriented ZnTe single crystal (1-mm thick, Nippon Mining & Metals,
Co. Ltd.). Measurements with lock-in detection were carried out with a chopper (3502, New
Focus) and a lock-in amplifier (SR830, Stanford Research System), the effective laser
repetition is 0.5 kHz. No apparent sample damages were recognizable after the laser
irradiation experiments. TDS signals were obtained and THz wave emission spectra were
calculated by discrete Fourier-transform (DFT) of the TDS signals. The optical path length
from the sample surface to the ZnTe crystal is 70 cm. All the laser irradiation experiments
were carried out in atmospheric pressure in air (23 °C with 40-50 % humidity). Sharp
absorption lines observed in DFT spectra, at 0.55 THz for instance, are due to THz
absorption by water components'® in atmosphere.

Fig. 1 shows the XRD patterns (range = 34 to 46°) of as-sputtered and annealed
Cu/Si. The patterns were normalized by taking the intensity of Si (400) peak at 69° from the
Si substrate as the highest point and the smallest value from the data as the lowest point. The
as-sputtered Cu film had a broad peak located at 43.3° for Cu (111) plane. The broad peak
indicated that the crystalline size was small. The peak located at 36.4° in the pattern of
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sample annealed at 80 °C represented Cu20 (111) plane. The intensity of Cu20 (111) peak
was increased relatively to that of Cu (111) peak by increasing temperature from 80 to 140 °C.
The intensity of the strongest peak of Cu and its oxides was used to roughly estimate the
relative content of Cu20 (wt.%) in the film.!” Table I shows the calculated Cu20 (Wt.%)
from the films annealed at 80, 110 and 140 °C. It should be noted that the as-deposited film
contained lots of small grains which contributed low and broad signals to the Cu and Cu20
peaks in XRD pattern of as-sputtered and annealed film, respectively. Thus, the estimated
Cu20 content listed in Table I was an approximation value. The sample annealed at 170 °C
showed significant peaks of Cu20 (111) and (200) planes. Raising the annealing temperature
to 250 °C resulted in both Cu20 and CuO phases and only CuO phase existed at 300 °C.2%-2D
The characteristic peaks became less broaden as the annealing temperature increased due to
the crystal growth. On the other hand, the Cu film kept under ambient for 1 week had the
characteristic peak of Cu2O (111) plane due to the oxidation behavior of Cu when it
contacted with oxygen molecules in the air.??

The cross-sectional image of Cu/Au double-layered structure on Si substrate
annealed at 110 °C was captured by TEM (Fig. 2(a)). The Au and Cu layers had average
thickness of 54 and 80 nm, respectively. A selected area electron diffraction (SAED) pattern
(Fig. 2(b)) was taken at the uppermost surface of Cu layer (red circle #1 in Fig. 2(a)). The
diffraction rings were indexed as (111), (200), (220) and (311) for Cu20 (JCPDS No. 005-
0667). The SAED pattern was taken at the area having both Cu and Au layers (red circle #2
in Fig. 2(a)) and the diffraction rings of Cu (111) (JCPDS No. 004-0836) and Au (111), (200),
(220) and (311) (JCPDS No. 041-0254) were observed (Fig. 2(c)). The SAED results
suggested that the structure actually had Cu2O/Cu/Au layers. Although the XRD pattern
suggested the Cu film annealed at 110 °C composed with Cu and Cu20, the diffraction
pattern of Cu was not observed at the surface of Cu layer in Fig. 2. It was because the
oxidation started at the surface of Cu film while the selected area only had Cu20 and XRD
pattern was accounted for the total thickness of the film.

Fig. 3 shows the TDS signals and DFT spectra measured from Cu/Si and Cu/Au/Si
structures treated at different conditions. Cu/Si annealed at 80 °C had the highest THz wave
emission. The intensity of emission was then decreased at temperature of 110 and 140 °C

and became even lower at temperature > 170 °C. These suggest the THz wave emission
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was attributed to the Cu20/Cu interface, where the depletion region existed, in the samples
annealed at 80, 110, 140 and 170 °C. The Cu20 layer with porous structure possibly emits
higher THz wave was reported because the cavities in the film can concentrate the incident
laser pump, allowing more photoexcitation occurs.'” The Cu20 layer was less porous due to
the grain growth as the temperature was increased. Therefore, when the temperature was
increased from 80 to 170 °C, the decrease in the THz wave emission from the Cu2O/Cu
interface might owing to the denser structure formed in the Cu20O layer. Furthermore, Cu
film annealed at 200, 250 and 300 °C consisted of an oxide film without Cu2O/Cu interface,
consequently resulted in the weak emission. Besides, the THz wave emission intensity might
related to the content of Cu20 in the Cu layer, since Cu20 content from Cu/Si kept in ambient
for 1 week (48.1%) was close to the that of Cu/Si annealed at 110 °C for 2.5 h (49.0%) and
they had similar THz wave emission intensity.

For the Cu/Au/Si structures, enhancement of THz emission from Cu20/Au structure
was reported elsewhere.!*!” So that, Cu/Au/Si annealed at 200 °C was expected to have the
highest THz wave emission since it consisted of only Cu2O phase according to the XRD
pattern. However, the results showed that Cu/Au/Si structures annealed at 80 °C had the
highest THz wave emission. Fig. 4 summarizes the THz wave emission intensity from
annealed Cu/Si (blue triangles) and Cu/Au/Si (red circles) structures against the annealing
temperature. When annealing temperature was below 200 °C, annealed Cu/Au/Si structures
had higher THz wave emission than Cu/Si structures. There were two possible reasons: (1)
THz wave emitted from the Cu2O/Cu interface propagated in all directions and the Au layer
reflected the THz wave, therefore higher THz wave intensity was detected from Cu/Au/Si
structures,!” and (2) THz wave emission was enhanced due to Fabry—Pérot interference
occurred in Au layer, which increased absorption of incident laser.!”? The reflectance
spectra (Fig. S2) showed both the Si substrate and the Cu/Au/Si samples absorbed light (>
98%) near 800 nm. The absorption of the Cu/Au double layers was enhanced significantly
compared with a Cu layer when they were deposited on a transparent glass slide (Fig. S3).
Fabry—Pérot interference was possibly arose but it cannot be deduced that the incident light
was totally absorbed by the Au layer or the substrate when using Si wafer. Furthermore, less
THz wave emission was detected from both annealed Cu/Si and Cu/Au/Si structures when

the annealing temperature was at > 200 °C. This is attributed to the lack of depletion region
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in those samples, which can be explained by the work function of materials. Cu20 has work
function of 4.84 eV which is smaller than Au (5.1 eV?). An ohmic contact was formed in
Cu20/Au?® and CuO/Au.?’?® Thus, almost zero emission from samples annealed at >
200 °C. Diffusion was also occurred in between Cu and Au layers during annealing.!>!62%
When the Cu atoms diffused to Au layer, the work function of Au layer decreased to be
smaller than that of Cu20 and formed a depletion region.'® This induced the THz wave
emission intensity from Cu/Au/Si structure was higher than that of Cu/Si structure at
annealing temperature of 170 °C. Nonetheless, both Cu/Au/Si structures that were kept in
ambient for 1 week and annealed at 110 °C did not show significant enhancement in THz
wave emission. The reason of the insignificant enhancement remains elusive. Moreover,
other pieces of Cu/Si prepared at 200, 250 and 300 °C were tested and large variation of THz
wave emission intensity was discovered (inset in Fig. 4). The THz wave emission intensity
from single-layered samples was higher than double-layered ones can be considered as
experimental errors.

Our results are different from Ramakrishnan et al.,'” they found the Cu20/Au
structure (by annealing Cu/Au structure at 250 °C for 3 h) had almost zero THz wave
emission when the thickness of Cu20 layer was less than 100 nm. We herewith found that
the THz wave emission was enhanced by annealing samples at lower temperature (80 °C),
whereas the Cu20 film thickness was in the range of less than 100 nm. The main differences
are attributed for the smaller the grain size and higher porosity of the Cu20 layer formed by
annealing at lower temperatures in our case, while they annealed the Cu films at 250 °C to
form Cu20 on Au and found the Cuz0 films with thickness less than 100 nm had almost zero
THz emission in their case.!” At annealing temperature of 250 °C and Cu20 film thickness
less than 100 nm, our samples also emitted almost zero THz radiation (Fig. 3(h)). It is
noteworthy that thickness of semiconductor layer determines the THz wave emission
intensity because a thicker film can enhance the laser absorption and expands the depletion
region of semiconductor.'”*?)

Likewise, the double-layered structure was inverted, i.e., Au/Cu/Si by depositing
the Au layer on top of an annealed Cu layer. It is because the uppermost Au layer can protect
the Cu layer from further oxidation, which causes the reduction in THz wave emission.

Figure S1. (see supplementary data) shows the THz wave emission intensity from Cu/Au/Si
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and Au/Cu/Si structures annealed at 110 °C for comparison. The THz wave emission
intensity from Au/Cu/Si structure was weaker than that of Cu/Au/Si because of the incident
laser power loss in Au layer.'¥ Hence, Au film is not suitable for preventing further oxidation
of Cu for designing a sustainable THz source.

In summary, the THz wave emission was observed from Cu20O/Cu interface under
femtosecond laser excitation. Although it was reported that less than 100nm-thick Cu20
layer annealed at 250 °C emitted almost no THz, we found that Cu20O/Cu interface formed
by annealing 80nm-thick Cu layer at temperature of 80 to 170 °C can enhance the THz wave
emission. Especially at 80 °C, the Cu/Si gave the highest THz wave emission intensity. It
was possibly due to the highly porous structure of Cu20 layer formed at low temperature,
which can promote the laser absorption. The THz wave emission was decreased at annealing
temperature of = 200 °C. It was because Cu layer did not have Cu20O/Cu interface and/or
lack of porous structure from grain growth at that high annealing temperature. The Cu/Au/Si
structures also had similar THz wave emission trend with respect to the annealing
temperatures. From that, Cu/Au/Si annealed at 80 °C showed increased in THz wave
emission by 41.4% compared with Cu/Si annealed at same temperature. The Cu/Au/Si
structures annealed at > 200 °C also had almost zero THz wave emission because of the
formation of ohmic contact at Cu2O/Au and CuO/Au interfaces. Au/Cu/Si structure was also
prepared and annealed at 110 °C. The inverted structure had very low THz wave emission

compared with Cu/Au/Si because of the dissipation of laser energy at the Au film.
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Figure Captions

Fig. 1. XRD patterns of Cu films at different conditions: (a) as-sputtered, keep in
ambient for 1 week, annealed at 80, 110, 140, (b) 170, 200, 250 and 300 °C.

Fig. 2. (a) TEM image of the cross-sectional Cu/Au/Si structure annealed at 110 °C for 2.5
h and (b-c) the corresponding diffraction patterns taken by SAED at selected area #1 and #2.

Fig. 3. THz-TDS measurement of the annealed (a-b) Cu/Si and (c-d) Cu/Au/Si structures

and (e-h) the corresponding emission spectra at different annealing conditions.

Fig. 4. Total THz wave emission intensity of annealed Cu/Si and Cu/Au/Si structures against

different annealing conditions. Solid lines are the guide for the eye.
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Table I. Estimated amount of Cu20 (wt.%) in the Cu film annealed at 80, 110 and 140 °C.

Condition Cu20 (wt.%)
80°C,2.5h 47.0
110°C,2.5h 49.0
140 °C,2.5h 52.6
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