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All-optical injection of ballistic electrical
currents in unbiased silicon
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Silicon has been the dominant material in electronics since
the invention of the integrated transistor. In contrast,
silicon’s indirect bandgap and vanishing second-order optical
nonlinearity limit its applications in optoelectronics'. Although
all-optical components such as Raman lasers’, parametric
amplifiers® and electro-optic modulators*> have recently been
reported, control over charge motion in silicon has only ever been
achieved electronically. Here, we report all-optical generation
of ultrafast ballistic electrical currents in clean, unbiased,
bulk silicon at room temperature. This current injection,
which provides new insights into optical processes in silicon,
results from quantum interference between one- and two-
photon absorption pathways across the indirect bandgap despite
phonon participation and the multi-valley conduction band. The
transient currents induced by 150 fs pulses are detected via the
emitted THz radiation. The efficiency of this third-order optical
process is surprisingly large for fundamental wavelengths in the
1,420-1,800 nm range.

The use of phase-related optical beams has advanced
the application of light in a variety of processes such as
controlling photochemical reactions®, forming attosecond pulses’
and producing high-intensity THz pulses in air®. In direct-
bandgap semiconductors, both charge”'® and pure spin currents'""
have been generated through quantum interference of single-
and two-photon interband absorption of light at frequencies
2w and @ with the current dependent on the phase parameter
A¢ =2¢, — ¢, here ¢, ,, is the phase of the optical beam.
For electrical-current generation in Si, we use 150fs pulses
with 0.69 < hw < 0.87¢eV (1,420-1,800 nm wavelength). Both
single-photon absorption at 2w and two-photon absorption at @
occur across the indirect bandgap®, 1.1eV, but below the direct
bandgap, 3.5¢eV. Spatially and temporally overlapped collinearly
polarized @ and 2w pulses are focused at normal incidence on
(001)-oriented crystalline silicon samples of thickness between
0.5 and 500 um. The different samples produce similar results
and here we mainly consider results from a 125-pum-thick wafer.
With iiw = 0.8eV and a fundamental (second harmonic) pulse
energy of 120 nJ (4 nJ), the near-surface carrier densities generated
by each pulse are 5 x 10°cm™ (6 x 10 cm™) for a single-
photon absorption coefficient” of 1.3 x 10° cm™" and two-photon
absorption coefficient'*'® of 0.45 cm GW™". The transient electrical
current, directed in the plane of the sample, emits THz radiation
that is detected by electro-optic sampling.

Figure la shows the THz field as a function of time delay
between 0.8/1.6eV pump pulses and an electro-optic sampling
1.53 eV probe pulse; traces are shown for values of A¢ separated
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by m. The oscillatory structure reflects the narrow bandwidth of the
electro-optic detection system. The actual time-resolved currents,
as revealed by larger bandwidth detection, relax in <1 ps. The
peak THz amplitude is ~10 Vm™!, corresponding to an estimated
current density of 0.5kAcm™ (see ref. 16 and the Methods
section). Figure la shows that the THz field reverses sign when
A¢ changes by m, consistent with a coherence-induced current
source. A more detailed dependence of the THz field on A¢
is shown in Fig. 1b; the sinusoidal dependence of the THz field
on A¢ is also consistent with the current-injection process. The
current amplitude and scalar (+/—) direction can be controlled
through the phase parameter, A ¢, alone. The current vector can be
controlled by redirecting the beam polarization.

Figure 2 shows how the amplitude of the THz field/current
density varies with average pump power, P“**, and 2hw. In
Fig. 2a, the THz field is seen to vary as P”+/P?*, consistent with
a third-order, x*, nonlinear optical process. Measurements on Si
samples of different thickness give similar phase and power scaling
behaviour. However, for the 125-um-thick sample, the THz field
is a factor of ~3 smaller than that for the 2 um layer, owing to
phase walk-off between the w and 2w pulses (refractive indices of
3.37 and 3.71, respectively). This induces periodic current reversal
over the ~15um optical-field attenuation depth and a smaller
total current than in an optically thin sample. Although the 2-pum-
thick sample absorbs only ~10% of the incident light, its thickness
is 2/3 of the coherence length of the optical mixing process.
Figure 2b shows the dependence of the current-injection efficiency
on 2hw. For comparison purposes, data are also shown for the
THz signals emitted by a 1-um-thick (001) GaAs and a 1-um-thick
(001) InP sample (each thickness being comparable to the single-
photon absorption depth) illuminated under identical conditions.
For small 2hw, the dispersion is consistent with the onset of current
injection near the fundamental bandgap (1.42 eV for GaAs, 1.34eV
for InP). For larger 2hw, the injected current is almost constant
beyond 1.5 eV, probably related to the counterbalancing increasing
density of optically coupled states and a decreasing momentum
scattering time.

The current’s phase and optical power dependence
suggests a x® nonlinear process. Interference of single-
and two-photon absorption is known to inject an electrical
current density in direct-bandgap materials according to'
dj;”/dt = ZnijkIE]‘.”EkwE,zw sin A¢. Here, n;y is a fourth-rank
tensor (related to a divergent, imaginary part of a third-order
optical susceptibility, Imx® (0; w, w, —2w)) and E*** is the field
envelope of the w,2w pulses. Following injection, the current
should evolve via space-charge effects and carrier momentum
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Figure 1 Temporal and phase dependence of THz emission from injected currents for 0.8 and 1.6 eV pump pulses. a, Time-dependent electro-optic signals of THz
fields from a 125-um-thick Si wafer for different values of A ¢. b, Two-dimensional contour plot of THz amplitude as a function of pump-probe delay and A ¢.
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Figure 2 Dependence of THz emission on pump power and photon energy. a, THz amplitude from a 125-um-thick silicon sample as a function of the average power of
one of the co-linearly polarized pump beams when the other pump beam’s average power is fixed. For ease of display, the powers are normalized to yield the same maximum
THz field at the highest power. The lines indicate linear and square-root power laws. b, THz field strengths obtained from (001) GaAs, InP and Si crystals of indicated
thickness as a function of photon energy 2fw. The field strengths are normalized by P (P%“)'/2 to account for variation in pump power with tuning. The solid curves are
predictions of the dispersion on the basis of the one- and two-photon absorption coefficients of the different materials. The horizontal and vertical error bars indicate the
energy bandwidth of the excitation pulses and the standard deviation of the THz signal strength, respectively.

relaxation. The experimental data are also consistent with a
Rex® (0; w, w, —2w) process, such as (non-resonant) optical
rectification. However, as dispersion of Rex® is expected to be
small for hw well below the direct bandgap, for our photon energy,
Rex® (0; w, w, —2w) can be estimated either by its low-frequency
limit'”, Rex®(0;0,0,0) = 3.5 x 107 m? V™2, or the Kerr
nonlinearity, Rex® (—w; w, —w, w) =4 x 107 m* V2. Using
beam propagation techniques'® and our excitation conditions,
we obtain a peak THz field at the detector of ~107' Vm™' for
a 2um silicon film, much less than the ~10Vm™ measured
here, suggesting that non-resonant rectification is weak. A further
argument that the source currents are due to movement of electrons
or holes comes from the dependence of the THz field strength on
hw (see Fig. 2b). The solid curves indicate the expected dispersion,
apart from a material-dependent scaling factor, of a nonlinear
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process proportional to the square root of single- and two-photon
absorption coefficients expected for quantum interference between
the absorption processes. These curves reproduce the experimental
trends very well indicating that the THz emission is consistent with
ballistically moving charge.

Although THz generation associated with interlevel, or bound
carrier, transitions has been observed in doped silicon', to the best
of our knowledge, this is the first observation of THz generation
from coherently generated free-carrier currents in clean, unbiased
silicon on the basis of interband excitation. Measurements indicate
that the THz field changes by less than 5% when the Si sample
is rotated through 2m about its normal with A¢ fixed. Currents
were also generated with cross-polarized pulses. These currents are
~3 times smaller than those generated with collinearly polarized
pulses, reflecting a weak anisotropy of the 1,;, as also predicted’ for
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Figure 3 Schematic diagram of single- and two-photon quantum interference in GaAs and Si. a, Schematic energy—momentum band diagram of GaAs near the 1" point
showing one conduction and one valence band and two-colour excitation and interference across the fundamental bandgap; red is associated with the » beam, blue with the
2w beam. Asymmetric electron populations at £k, and hence current generation, is indicated by shaded patches. b, Corresponding band diagram for Si along the I"'-X
direction, showing interference for similar types of phonon-assisted transitions; phonon scattering with emission or absorption at energy Ejonon is indicated.

GaAs. The peak THz field emitted by the GaAs or InP is ~60 times
larger than in Si for identical optical excitation using 0.8/1.6 eV
pump pulses. However, given the difference in coherence lengths
and absorption coefficients (for GaAs, the single-'*> and two-photon
absorption coefficients' are an order of magnitude larger), the
current density generated per electron-hole pair is only ~7 times
larger in GaAs than in Si. This difference might reflect a smaller
scattering rate or smaller electron effective mass in GaAs versus Si.

Although a non-zero fourth-rank 7 tensor certainly is allowed
in centrosymmetric media such as Si, thereby permitting free-
carrier current injection, the underlying microscopic mechanism
is not obvious as Si has six conduction-band valleys and optical
absorption requires phonon assistance from one of the six phonon
branches. Given these complexities, current injection in Si is
surprisingly efficient. A complete theoretical description is beyond
the scope of this letter and here we only suggest how current
injection might occur.

A comparison with GaAs, theoretically and
experimentally much more is known serves as a useful
starting point for considering the current-injection mechanism
in silicon. In GaAs, the quantum interference of single- and
two-photon transition amplitudes, a,, and a,, which connects
states with the same crystal momentum k, leads to a polar
distribution of electrons or holes. Optical transitions in solids
can be understood as being induced by a minimal coupling
perturbation hamiltonian H < A +p & E-p, where A and E are
the vector potential and electric field associated with an optical
plane wave and p is the momentum operator. For a direct-bandgap
semiconductor such as GaAs with valence and conduction band
states |v) and |¢) at k, ay, o< B - (v |p|c). The a, requires
intermediate states: in GaAs, the dominant intermediate states
are the initial or final state. For example, if the conduction-
band state is the intermediate state, there is a contribution to
a, X E°E? : (v|plad(clpla) o< EYE® @ (v |plak. This is shown
in Fig.3a with the loop representing the ‘self-scattering’ term
{(ce|plecw)- Interference between a,,, and a,, therefore has a different
sign for £k, leading to a polar distribution of charge in valence or

where
9,10
b

634

conduction bands; a charge current therefore flows. The sign and
magnitude of the interference can be altered with the phase A¢. It
is interesting to note that this self-scattering is fully equivalent to the
field-induced acceleration in transport theories, where it has been
shown to induce transition amplitudes that are odd in k-space®.

For silicon, the optically coupled states are constrained only
by conservation of energy after phonon absorption/emission is
taken into account. However, for current injection'’, for the optical
part of the transition the intermediate state should be the same
as the initial or final state so that a self-scattering occurs (term in
a, « £k) as in GaAs. One such process is shown in Fig. 3b for
initial states at -k along the (100) and (100) directions, and a self-
scattering process in the valence band. However, for the process
shown in Fig. 3b, the conduction-band states at £k only serve as
intermediate states within the coherent light-matter interaction
involving photons as well as phonons. Phonon scattering can yield
final states on opposite sides of a particular conduction-band
valley with similar probabilities. Such states are associated with
group velocities of opposite sign and thus the overall electron
contribution to the current could be negligible. In contrast, the hole
current is not affected by phonon scattering for the process shown
in Fig. 3b. However, similar processes involving, for example, a self-
scattering in the valence band, could also result in a non-negligible
electron current. In GaAs, both electron and hole currents occur,
but the electrons, because of their smaller effective mass, dominate
the charge displacement. This difference could explain part of the
discrepancy of the current magnitudes in GaAs and Si. However,
given the relative complexity of, and number of pathways for the
absorption processes in Si compared with those in GaAs, it is
remarkable that a current is injected at all. Detailed theoretical and
further experimental work is underway to elucidate the current-
generation mechanism for silicon.

It is possible that strain or quantum confinement might
improve the efficiency of the current-generation process or even
allow more efficient current generation using a single-beam
technique?! and a second-order nonlinear optical process. However,
even for the third-order processes considered here, future studies
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can provide insight into how coherence control can lead to ballistic
currents in Si and other indirect-bandgap semiconductors through
phonon-assisted absorption.

METHODS

The optical source for the current-injection experiment is an optical parametric
amplifier pumped with a 250 kHz Ti:sapphire regenerative amplifier.
Second-harmonic pulses are obtained from a beta barium borate crystal. A
piezoelectric transducer attached to one arm of the two-colour interferometer
allows control of the relative phase of the pulses. Overlapped w and 2w pulses
are focused to a 120 um spot size. Silicon samples with thicknesses of 0.5 um,

2 um (silicon on sapphire), 125 um and 500 pm (bulk silicon) were used. The
low repetition rate of the experiment as well as the nonlinear optical processes
involved in the infrared generation exclude effects related to carrier
accumulation or possible influences of optical pre-pulses. The far-field THz
emission perpendicular to the sample surface is analysed in a transmission
geometry. The radiation is time-resolved using a 500-pm-thick ZnTe (110)
electro-optic crystal with a detection bandwidth of ~3 THz. Specifically, the
induced birefringence for a 150 fs, 810 nm (1.53 eV) probe beam is detected by
a balanced detector scheme with a sensitivity of AI/I=1x 1077 Hz"/2, which
allows for a quantitative analysis of the THz emission strength. The conversion
of these field amplitudes to current densities relies on the comparison with
current-injection studies in GaAs (ref. 16), taking into account the different
THz emission strengths as well as the photoinjected carrier densities. For the
data presented in Fig. 2a, the observed THz field strengths are corrected for the
P®+/P2 power scaling to account for the varying energies of the » and 2w
pulses for different wavelengths. The simulated curves in Fig. 2b are based on
well-known linear absorption properties and theoretical results for the
dispersion of the two-photon absorption coefficient above the direct bandgap?
for InP and GaAs or above the indirect gap of Si (ref. 15).
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