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Role of free-carrier interaction in strong-field excitations in semiconductors
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The interaction of laser pulses with condensed matter forms the basis of light-wave-driven electronics
potentially enabling tera- and petahertz switching rate applications. Carrier control using near- and midinfrared
pulses is appealing for integration into existing platforms. Toward this end, a fundamental understanding of the
complexity of phenomena concerning sub-band-gap driven semiconductors such as high harmonic generation,
carrier excitation due to multiphoton absorption, and interband tunneling as well as carrier-carrier interactions
due to strong acceleration in infrared transients is important. Here, stimulated emission from polycrystalline
ZnO thin films for pump wavelengths between 1.2 um (1 eV) and 10 um (0.12 eV) is observed. Contrary to the
expected higher intensity threshold for longer wavelengths, the lowest threshold pump intensity for stimulated
emission is obtained for the longest pump wavelength corroborating the importance of collisional excitation

upon intraband electron acceleration.
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I. INTRODUCTION

Nowadays, transistor technology is one of the main drivers
of modern electronics, and the computational power of inte-
grated circuits (ICs) is defined by the number of transistors.
Due to the continuous minimization of ICs to increase the
number of transistors on chips, the current flow leads to a
high level of dissipative energy, which, together with quan-
tum uncertainties of the electronic states, led to stagnation in
the number of transistors on chips [1]. A further increase of
the electronic switching rate and thus computational power
therefore requires new approaches. To investigate electron
processes beyond the current GHz limit of electronics, con-
trolled light waveforms (ultrashort laser pulses) provide a
powerful tool to push the frontiers of electronics. Ultra-
short laser pulses in the visible to the near-infrared spectral
range with tera- and petahertz carrier waves have already
shown great promise to investigate new switching methods
that can overcome the limits of conventional transistor-based
electronics [2-6]. Under the interaction with intense light
fields, quasifree electrons are controlled in semiconductors
and dielectrics at every half-cycle of the laser pulse electric
field, thus inducing a periodic material modification. These
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quasifree electrons can gain a significant amount of kinetic
energy from the electric fields of intense laser pulses leading
to a coherent current, which can be measured using metallic-
dielectric nanojunctions [7] or in the form of high harmonic
orders of the fundamental laser pulse spectrum [8].

High harmonic generation (HHG) from a near to mid-
infrared (mid-IR) laser in solids originates from a highly
nonlinear intraband current and interband recombination upon
photoexcitation and acceleration of the electrons by the strong
laser field [see Figs. 1(a) and 1(b)] [9,10]. Since carrier in-
jection and current generation are periodically repeated every
half-cycle of the laser pulse electric field, HHG presents an
ultrafast electronic metrology of tera- and petahertz switching
processes in solids [11,12]. If the energy transfer from the
laser field to the free electrons in the conduction band (CB)
is larger than the material band gap, the highly energetic free
electron in the CB can excite a bound electron from the va-
lence band (VB) via electron collisional excitation [Fig. 1(c)].
The average kinetic energy of free electrons in oscillating
electric fields (ponderomotive energy, U,) scales linearly with
the laser intensity and quadratically with the wavelength
U, ~1 A2) [13]. In solids, this simple scaling holds as well
within the parabolic band approximation, i.e., in the vicinity
of the I'-point. In general, an electron’s energy is defined
by its position in the band, and therefore it scales linearly
with the field strength and with the wavelength following the
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FIG. 1. Inter- and intraband processes in strong-field excited
semiconductors. (a) Interband excitation of an electron (blue sphere)
by creating a valence-band hole (red sphere) upon far-off-resonance
absorption of light with a photon energy hw much smaller than
the material band gap E, via a multiphoton and tunneling process.
(b) High harmonic generation (HHG) in solids. After field excitation,
the quasifree electron is driven by the strong electric field of the
laser pulse. The electron displacement leads to a nonlinear intra-
band current, together with an interband polarization field upon an
electron-hole recombination process, which results in the generation
of high harmonic orders of the fundamental driving field. (c) If the
electron gains sufficient energy such that the kinetic energy exceeds
the band-gap energy, the highly energetic electron in the CB can
transfer its energy to a VB electron via electron-electron interaction.
As aresult, a VB electron is excited to the CB.

solution for quasimomentum. Thus, intense long-wavelength
light can be applied to very efficiently multiply the number
of excited carriers in a controlled manner [14], or it can
trigger an avalanche excitation process [15]. Furthermore,
using long-wavelength light in the telecom wavelength range
(1.2-1.6 pm) for light-based tera- to petahertz electronic ap-
plications is beneficial for the integration in existing platforms
[16]. Therefore, detailed knowledge of the electron response
upon intense long-wavelength light interaction in the near- to
midinfrared spectral range is of crucial importance for future
technological progress.

It was recently demonstrated that dynamically and coher-
ently driven carriers can significantly contribute to interband
carrier injection in ultrafast pump-probe experiments [17,18],
in agreement with theoretical simulations [19,20]. Further-
more, electron excitation processes in dielectrics and semi-
conductors upon strong light field-matter interaction were
studied by investigating the laser-induced damage threshold
[15] or plasma formation threshold [21].

The onset of optically pumped lasing, i.e., when the gain
due to stimulated emission is sufficient to overcome all losses,
can be used to monitor the excited electron density upon the
absorption of the pump light. It was already shown that the
gain provided by the semiconductor material only depends
on the density of excited electrons [22]. Polycrystalline ZnO
thin films on sapphire substrates are a well-known morphol-
ogy supporting lasing in the near-ultraviolet (NUV) spectral
range [23]. Optically pumped lasing from ZnO films upon
photoexcitation via a single- and up to five-photon absorption
process was demonstrated previously [23-25]. The possibility
to achieve population inversion in ZnO upon optical excita-
tion using off-resonant light, even in the tunneling excitation
regime, has been demonstrated recently in ZnO bulk and
nanowire samples [26,27].

Here, the onset of far-off-resonance pumped lasing is sys-
tematically studied in polycrystalline ZnO thin films. Stimu-

lated emission is confirmed by spectral as well as time-domain
measurements depending on the excitation intensity far off
the material resonance using a 3.2 um laser for pumping.
Criteria for the onset of lasing are defined from the exper-
imentally easily accessible emission spectra. To investigate
light absorption in ZnO, the onset of lasing was determined
for pump wavelengths in the wide spectral range where the
band-gap to photon-energy ratios are in the range between 4
and 26. The measured material response as a function of the
laser wavelength is in very good agreement with simulations,
which include multiphoton and tunneling excitation as well as
collisional excitation upon free-carrier absorption.

II. METHODS

Intrinsic, approximately 300-nm-thick polycrystalline ZnO
thin films were grown by magnetron rf-sputtering (rf-power
about 150 W) on 0.5-mm-thick c-plane sapphire substrates at
a pressure of about 2.95 x 107 mbar in an argon atmosphere
with a small amount (2 vol. %) of oxygen. Subsequently, the
samples were thermally annealed in air at 900 °C for 60 min.
The structural properties of the films were analyzed using
scanning electron microscopy (SEM) and x-ray diffraction
(XRD) techniques (see the Supplemental Material [28] for
more details).

Optical excitation of the films in the wavelength range from
1.2 up to 2.5 um for the signal and idler output of a two-stage
optical parametric amplifier (OPA) was used. The OPA was
pumped by 5 mJ, 35 fs pulses centered at 800 nm, at a repeti-
tion rate of 1 kHz. The midinfrared (mid-IR) pulses between 3
and 4 um wavelength were generated by noncollinear differ-
ence frequency generation (DFG) between the signal and idler
waves from the OPA in a potassium titanyl arsenate (KTA)
crystal. Laser pulses with a longer wavelength at 10 um were
generated by collinear DFG in a gallium selenide (GaSe)
crystal between the signal and idler of a three-stage OPA,
initially pumped with 1.1 mJ pulses at 800 nm, with a 50 Hz
repetition rate and 35 fs duration. The pulse durations were
experimentally determined using frequency resolved optical
gating (FROG), intensity autocorrelation, and discrete D-Scan
techniques [40]. The focal spot at every wavelength was ex-
perimentally measured using the knife-edge technique. The
laser intensity was calculated from the pulse duration, energy,
and the focal spot size. The femtosecond mid-IR laser pulses
were focused onto the ZnO thin films using an f = 10 cm
CaF, lens and an f = 7.5 cm gold-coated concave mirror (see
the Supplemental Material [28]) in the case of a 1.2—4 pm and
a 10 um pump wavelength, respectively. Wire grid polarizers
were used to adjust the laser power exciting the thin film
sample. In the experiment, the laser beam was focused at the
film deposited side of the substrate. The NUV emission from
the ZnO thin film was collected and collimated with a lens
on the blank side of the sapphire substrate and refocused onto
the entrance slit of a spectrometer (Ocean Optics USB4000).
The temporal dynamics of the emission was measured using
an up-conversion method [41]. Therefore, the NUV emission
was overlapped with a time delayed 60-fs-long laser pulse
centered at 0.8 um in a type II BBO (¥ = 55°) to generate
the sum frequency (SFG). The SFG signal was detected us-
ing a photomultiplier in combination with a lock-in amplifier
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FIG. 2. Lasing in polycrystalline ZnO thin films pumped in the
tunneling excitation regime using laser pulses at 3.2 um wavelength.
(a) Spectral evolution of the near ultraviolet (NUV) emission as
a function of the pump laser intensity. The transition between a
regime below the lasing threshold I, where the spectra are dominated
by high harmonic and spontaneous emission (gray area) to largely
stimulated emission above the lasing threshold is evident by a strong
lasing peak appearing around 395 nm (blue). (b) Integrated emission
yield, full width at half maximum (FWHM), and wavelength of the
emission maximum as a function of the pump laser intensity. The
blue line depicts the calculated values using the rate equation model,
and the red dotted line marks the threshold intensity. See the text for
details.

(see the Supplemental Material [28]). All experiments were
performed at room temperature and ambient conditions.

III. RESULTS AND DISCUSSION

A. Far-off-resonance optically pumped lasing
in polycrystalline ZnO thin films

First, polycrystalline ZnO thin films were pumped far-
off-resonance by femtosecond laser pulses at 3.2 pm, which
corresponds to a band-gap to photon-energy ratio of 9. Figure
2(a) shows the measured emission spectra of a ZnO thin film
for three different pump laser intensities—below, around, and
above the lasing threshold. For low pump laser intensities
(gray area), two distinct peaks at 355 nm and around 380 nm
are visible. The peak at 380 nm originates from the spon-
taneous emission due to the recombination of free excitons
[23.,42], and the peak at 355 nm corresponds to the ninth-order
harmonic of the 3.2 um pump laser. In these experiments,
higher-order harmonics were detected up to the limit de-
fined by experimental constraints [43] (see the Supplemental
Material [28] for more details). When increasing the pump
power to the lasing threshold (green curve), a new narrow
emission band evolves around 385 nm. This peak is rapidly
growing, broadening, and redshifting with increasing pump
laser intensity and originates from stimulated recombination
in an electron-hole plasma (EHP) [23,42]. At the highest
pump intensities (blue curve), the stimulated emission peak
originally at 385 nm redshifts up to 400 nm due to band-
gap renormalization, and its signal intensity dominates the
measured spectrum. At such high pump intensities, the con-
tributions by spontaneous emission from free excitons and the
high harmonic generation become negligible in comparison to
the stimulated emission of ZnO.

Further insight into the dependence of the NUV-emission
spectra on the laser intensity is depicted in Fig. 2(b). It shows

the output yield given by the spectrally integrated signal (up-
per panel) as well as the full width at half-maximum (FWHM)
(middle panel), and the spectral redshift (lower panel) for
the peaks resulting from spontaneous free-exciton emission
(below the threshold) and stimulated emission in an EHP
(above the threshold) as a function of the pump laser intensity.
The red dashed line indicates the pump threshold intensity
I, = 0.275 TW/cm2 when stimulated emission starts domi-
nating the emission spectra. For pump intensities below the
threshold, the yield follows a linear trend in the log-log
representation. When the threshold intensity is reached, the
emission yield increases nonlinearly. Calculations using the
rate equations [see Eqs. (1)—(3) in the Supplemental Material
[28]] reproduce the lasing emission as a function of the laser
intensity with high fidelity, as depicted by the blue line in the
upper panel of Fig. 2(b), enabling us to extract the threshold
intensity. Note that the pump threshold intensity Iy reveals
a strong pump laser spot size dependence, i.e., threshold in-
tensity increases with reduced excitation spot size (for more
details, see the Supplemental Material [28]). This allows us
to attribute the detected stimulated emission to both amplified
spontaneous emission (ASE) and a random lasing mechanism
[31,33]. The linewidth from an EHP-based stimulated emis-
sion shows a much narrower FWHM (5-7 nm) compared to
a width of 15-17 nm for the free-exciton emission spectra.
Increasing the laser intensity further above the threshold value
leads to a broadening of the stimulated emission spectra from
5 to 12 nm linewidth, as depicted in the middle panel of
Fig. 2(b). This observation can be explained by the broadening
of the gain spectra due to an increasing carrier density and
heating of the material [22,44-46]. The spectral position of
the emission peak maximum is constant below the threshold
intensity value as shown in the lower panel of Fig. 2(b). This is
indeed indicative of an exciton-based emission process [47].
When increasing the pump intensity values above the thresh-
old, the stimulated emission peak shifts from 390 to 400 nm
(redshift) due to band-gap renormalization in the EHP excited
in ZnO [22].

From the spectrally resolved measurements, the onset of
lasing was linked to the abrupt increase of the emission
yield and narrowing of the linewidth, respectively. To fur-
ther confirm that these spectral features correspond to the
lasing threshold and thus the material inversion, time- and
polarization-resolved measurements of the NUV emission
were performed. Analyzing the polarization state of the emis-
sion revealed that the spontaneous emission at 380 nm was not
polarized while the stimulated emission at 390 nm emission
was clearly polarized, which is another indicator of ASE and
random lasing (see the Supplemental Material [28]).

Using nonlinear frequency mixing of the NUV emission
and a near-infrared gate pulse, the temporal emission dy-
namics for three different pump intensities were measured
(Fig. 3). The up-converted high harmonic signal was used to
calibrate the zero time delay. For excitation intensities below
the lasing threshold Iy, (gray area), only a slow decaying signal
was measured, which is attributed to the spontaneous decay
of carriers in ZnO [44,48]. At the lasing threshold intensity
(green curve), a fast decaying signal appears superimposed
to the slower spontaneous emission. With increasing pump
intensity, this fast decaying signal is rapidly growing and its
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FIG. 3. Temporally resolved NUV emission from ZnO thin films
after strong off-resonance excitation using laser pulses at 3.2 um.

onset appears earlier (blue curve). Due to its short duration
of 2-3 ps (FWHM), this signal is attributed to the stimulated
emission process in ZnO [49]. The change from a slow to a
fast decaying dynamics occurs at the threshold for stimulated
emission, as determined by analyzing the power dependence
of the spectral emission yield and width (see Fig. 2). In
combination, the results of spectrally and temporally as well
as polarization-resolved measurements (see the Supplemental
Material [28]) indicate that laser emission from polycrys-
talline ZnO thin films is governed by optical excitation with
far-off-resonance 3.2 pum laser pulses.

Creating population inversion in the material and enabling
negative absorption, i.e., achieving optical gain in ZnO, re-
quires a threshold carrier density of at least ~1 x 10!° cm™
in the conduction band [22,44]. This threshold carrier density
represents a universal quantitative parameter for ZnO as an
active laser medium, which is independent of the geometry or
structure [22]. Furthermore, it was shown that the emission
process is temporally decoupled from light absorption by the
carrier thermalization process [50]. Indeed, the characteristics
of the spectral evolution of the ZnO emission are identical
and independent of the pump wavelength in a wide spectral
range from 1.2 to 10 um (see the Supplemental Material
[28]). This allows us to use the experimentally observable
lasing threshold in ZnO to study the excitation of carriers by
far-off-resonance intense laser light.

B. Wavelength scaling of pump threshold intensity

The ZnO thin film was optically pumped at several wave-
lengths ranging from 1.2 to 10 um. This corresponds to a
band-gap to photon-energy ratio of 4 and up to 26. The pump
laser spot size was fixed to a radius of 175 + 10 um and the
pulse duration was kept in the range of 110 = 30 fs to assure
comparable experimental conditions.

Figure 4 shows the wavelength dependence of the threshold
pump intensity for lasing emission. The blue dots corre-
spond to the experimental results. When increasing the pump
wavelength from 1.2 to 2 um, the threshold pump inten-
sity increases from 0.3 to 0.55 TW/cm?. Further increasing
the wavelength leads to a continuous decrease of the las-
ing threshold. While for pump wavelengths between 3 and
4 pm the determined laser intensity was between 0.3 and
0.2 TW/cm?, it was only 0.13 TW /cm? for a pump wave-
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FIG. 4. Pump laser threshold intensities for lasing in a ZnO thin
film as a function of the pump laser wavelength (measurements, blue
dots). The green and purple parameter margin bands depict the sim-
ulated intensity with and without including free-carrier absorption
(FCA), respectively, which has to be applied to excite 1 x 10" cm™
electrons and correspondingly to the provision of gain in the ZnO.
See the text for details.

length of 10 um in the far-IR. A deeper understanding of
the observed wavelength scaling of the lasing threshold and
thus the wavelength-dependent absorption in ZnO is gained
by simulations performed using the coupled system of rate
equations (see the Supplemental Material [28]).

The excitation process occurs via interband transitions as
a result of multiphoton absorption and electron tunneling
excitation (see the Supplemental Material [28]) as well as
impact ionization upon free-carrier absorption (FCA). The
photoemission is temporally decoupled from the excitation
process due to hot carrier thermalization. Since the carrier
thermalization on a picosecond timescale is much longer than
the femtosecond laser pulse duration [50], only the excitation
part [Eq. (1) in the Supplemental Material [28]] of the rate
equation system was considered to estimate the excited elec-
tron density as a function of the laser wavelength and intensity.
Thereby, the interband electron generation rate is described by
the Keldysh formula [42], and the Drude-like model is used to
model the absorption of light by the free carriers [15]. Even-
tually, the threshold pumping intensity was determined as the
value when the carrier density in the conduction band reaches
1 x 10" cm™ by the end of the pump pulse. The shaded bands
in Fig. 4 depict the theoretically calculated pump threshold
intensities, with (green) and without (purple) free-carrier ab-
sorption, for the experimentally used pulse durations of 80
(upper line) and 140 fs (lower line).

In our model, we use the Keldysh formalism and a
Drude-like model to simulate the interband excitation and
FCA processes. This allows us to investigate the role of
the multiphoton and tunneling excitation process. Further,
the combination of the Keldysh excitation and the Drude-
like model has been successfully applied to understand
laser-induced damages in solids where avalanche excitation
upon the free-carrier absorption plays a key role as well [15].

While the measured wavelength dependence of the thresh-
old pump intensity of ZnO thin films coincides qualitatively
well with the simulated values taking FCA into account, the
calculations without FCA deviate significantly. Thus, the ini-
tial increase of the threshold pump intensity between 1.2 and
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2 pum can be understood in accordance with the multiphoton
absorption picture of light. Increasing the laser wavelength
(i.e., lowering the photon energy) leads to an increasing
number of excitation photons needed to accommodate en-
ergy conservation and overcome the band gap. Comparison
between the simulated threshold pump intensity with and
without impact excitation suggests that there is no significant
influence of FCA for pump wavelengths shorter than 1.2 yum.

The transition from a multiphoton to a tunneling-
dominated carrier excitation process is expected at 2 um (see
the Supplemental Material [28]) using the Keldysh theory
and a laser intensity of 0.5 TW/cm? [51]. In the tunneling
regime, the excitation rate is weakly dependent on the laser
wavelength compared to the multiphoton excitation regime.
Therefore, we conclude that the threshold pump intensity
decrease for longer wavelengths is caused by interband ex-
citations via the field-driven electron impact.

A similar wavelength scaling of light absorption, also
characterized by a pronounced minimum, was obtained in
wide-band-gap dielectrics. In this way, the laser-induced dam-
age threshold and the plasma formation threshold were used to
monitor the excited electron density [15,21,52]. Our approach
to use the onset of lasing is reversible and has the additional
advantage that the observed threshold is very sharp and easy
to detect in the experiment (see Fig. 2).

Simple quasiclassical calculations of electron motion in the
ZnO conduction band, based on the solution of the equation
for the quasimomentum in the presence of the laser field,
show that for the threshold intensities determined in our ex-
periments, the field strength is not high enough to accelerate
electrons to energies exceeding the band-gap energy even for
the longest 10 um wavelength. Therefore, multiple scatterings
are still required to heat electrons up to energies that are suf-
ficient for the impact excitation. The best agreement between
experimentally measured and theoretically determined values
was achieved using an electron scattering time of ~4 fs (see
the Supplemental Material [28]). Our assumption of such a
high frequency of the scattering processes is in agreement
with previously reported electron scattering and dephasing
times in strong-field experiments where the electrons are ac-
celerated to high kinetic energies, as was the case in this
work, too. In recently published works, the scattering-induced
dephasing time of electrons driven by strong laser fields was
in the range of a few femtoseconds (2-10 fs) [2,13,53-56].
Additionally, a comparison between the experimentally and
theoretically determined peak-to-valley ratio of HHG spectra
suggests a dephasing time of 4 fs for ZnO [9].

Since the simulations did not include the spot size depen-
dence of the pump laser threshold intensity, no comparison
of the absolute values obtained in the experiment and from
theory is possible. However, our results demonstrate that las-
ing in semiconductors can be achieved with arbitrary pump
wavelengths if the laser pulses are intense and short enough to
initiate tunneling excitation and to avoid material damage as a
consequence of an uncontrolled avalanche.

IV. CONCLUSION

The absorption of near- to far-infrared intense light in the
wide-band-gap semiconductor ZnO was experimentally stud-

ied using the onset of stimulated emission (lasing) to probe the
density of excited carriers. Stimulated emission was observed
in a huge excitation energy range, where the ratio of the ma-
terial band gap to the energy of absorbed photons spanned the
range from 4 to 26. Toward longer wavelengths, the electron
excitation mechanism changes from multiphoton absorption
to tunneling, while an increasing role of electron impact ex-
citation upon intraband free-carrier absorption was revealed.
This leads to the remarkable result that the lowest threshold
pump intensity to observe lasing emission was determined
for the longest applied pump wavelength. The wavelength
scaling of the lasing threshold intensity is in good agree-
ment with calculations including multiphoton and tunneling
excitation as well as free-carrier absorption. Manipulation of
semiconductors with intense off-resonance light is possible in
a broad spectral range and demonstrates the possibility of an
easy integration of light-driven electronics in well-established
platforms, such as those based on the telecom wavelengths
(1.2-1.6 pum) [16].

Using ZnO allows us to perform experiments in an ambient
atmosphere, and it enables an easy detection of NUV emis-
sion and far-off-resonance optical pumping in the spectral
transparency regions of air. Although, as mentioned earlier,
the process of off-resonant excitation is not restricted to
semiconductors with band gaps in the NUV spectral rang.
Hence, the possibility of UV lasing in hexagonal boron-nitride
(hBN) at 215 nm (5.8 eV) upon electron beam excitation has
been demonstrated previously [57]. Although to the best of
our knowledge optically pumped stimulated emission from
hBN is still missing, lasing from both ZnO (see Fig. 2) and
hBN pumped optically and by accelerated electrons [57] is
characterized by a rapid increase of the output signal and
spectral narrowing when the lasing threshold pump inten-
sity is reached. Thus, by using dielectrics with band gaps
in the extreme ultraviolet (XUV) spectral range, excited by
well-established ultrashort NIR pulses, our results suggest
the possibility of an efficient optically pumped XUV source
for the technologically important short-wavelength spectral
range.

In the literature, an efficient HHG process in ZnO from
laser wavelengths in the range between 1.8 and 4 um was
reported [58,59] when half the oscillation period of the elec-
tric field is around 3 and 7 fs, respectively. In this context,
our findings will contribute to the discussion on the role of
electron scattering processes in the HHG process.

All data needed to evaluate the conclusions made herein are
present in the paper and/or the Supplemental Material [28].
Additional data related to this paper may be requested from
the authors.
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