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Intracavity third-harmonic generation in Si:B pumped by intense terahertz pulses
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We observe third-harmonic generation (THG) in boron-doped silicon (Si:B) upon pumping with picosecond
1.56-THz pulses from a free-electron laser with a peak electric field strength of up to 12 kV/cm. The
measurements are performed at cryogenic temperatures where the majority of holes are bound to the acceptor
dopants. The dependence of the THG on the pump intensity exhibits a threshold-free power-law behavior
with an exponent close to 4. The observations can be explained by THz emission by free holes accelerated
in the nonparabolic valence band, under the assumption that the density of free holes increases with the pump
intensity. A quantitative treatment supports that these carriers are generated by impact ionization, initiated by the
population of thermally ionized carriers, as opposed to direct tunneling ionization. In addition, we also observe
intracavity THG by embedding the Si:B in a one-dimensional photonic crystal cavity. The THG efficiency is
increased by a factor of eight due to the field enhancement in the cavity, with the potential to reach a factor of
more than 100 for pump pulses with a spectrum narrower than the linewidth of the cavity resonance.
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I. INTRODUCTION

While dopants in semiconductors are well known for
their role of providing charge carriers in room-temperature
semiconductor devices, many ongoing studies are devoted to
dopant physics at low temperature, where the charges remain
bound to their parent ions such that the dopants represent
energy-scaled hydrogenlike atomic entities within a solid-
state host [1,2]. Topics of such investigations include the
nonlinear optical properties of the dopants [3,4], the possi-
bility to realize THz gain media with them [5], as well as the
coherent control of the dopant states for quantum information
processing [6,7].

This contribution is devoted to the nonlinear dynamics of
holes following ionization of dopants and subsequent acceler-
ation of the freed holes in the strong radiation field of intense
electromagnetic pulses. The work has been motivated by
studies of strong electromagnetic-field phenomena of dilute
gas atoms, which led to the observation of frequency multipli-
cation upon recollision of the photoionized electrons with the
parent ions [8—12]. We extend such studies to atoms dilutely
distributed in the crystalline matrix of a solid semiconductor.

We study Si:B at low temperature with high-field excitation
by terahertz (THz) pulses from a free-electron laser (FEL). Al-
though the photon energy of 6.45 meV is much lower than the
11"; — 1y (1S3/2 — 2P;3)») transition energy at 30.6 meV,
dopant atoms are ionized in the strong radiation field of up
to 12 kV/cm. We observe THG exclusively in the doped
material, where the pump intensity dependence indicates a
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third-order nonlinearity with an intensity-dependent x® co-
efficient. This suggests that the THG is mediated by carriers
released from dopants in the valence band, whereby the carrier
density increases as a function of the field strength. While
in principle several physical mechanisms can contribute, a
comparison of their respective field dependences suggests that
the additional carriers are generated by impact ionization (as
opposed to tunnel ionization), a process initiated by the car-
riers which are initially present due to thermal activation. No
evidence for high-harmonic generation (HHG) by recollision
is identified.

Moreover, we exploit the field enhancement in a one-
dimensional photonic crystal (1D-PC) cavity to enhance the
THG conversion efficiency with cavity-resonant pumping.
Such 1D PC cavities have been introduced in the THz range
for a range of applications, e.g., as switches and modula-
tors [13], and for the study of strong light-matter interac-
tion [14,15]. Here, we achieve an increase in the THG effi-
ciency by a factor of up to eight relative to the free-standing
Si:B sample and predict that an enhancement of over one
hundred is possible if the spectral width of the pump pulse
were to be reduced to better match the cavity resonance.

II. EXPERIMENTAL

The experimental setup is depicted in Fig. 1(a). The Si:B
sample was positioned in a liquid-helium cryostat at a temper-
ature of 10 K. Intense THz pulses from the FELBE facility of
the Helmholtz-Zentrum Dresden-Rossendorf were employed
as pump radiation. The FELBE source delivers transform-
limited multicycle terahertz pulses which are tunable from
1.2 THz up to 75 THz at a pulse repetition rate of 13 MHz.
For our experiments, we chose a radiation frequency of
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FIG. 1. (a) Experimental setup for the HHG measurements. The
sample is positioned in a cryostat to enable temperature control.
(b) Linear power transmission spectra of Si:B at three temperatures
(150 K, 100 K, and 5 K), measured by FTIR spectroscopy. The
ringing, most pronounced at low frequency, arises from multiple-
reflection interference in the Si:B sample.

1.56 THz; the spectral width of the pulses was 22.4 GHz
(full width at half maximum, FWHM). This corresponds to
a temporal intensity FWHM of 17 ps, assuming transform-
limited pulses and using a numerical inverse Fourier trans-
formation of the measured amplitude spectrum (rms time-
bandwidth product 1.46 relative to Gaussian pulse/spectrum).
The incoming radiation was focused onto the sample with an
off-axis paraboloidal mirror with a 50.8-mm effective focal
length, to obtain a focal beam diameter of 2w ~ 400 wm, and
a corresponding Rayleigh range of zo = nmw?/Ag ~2 mm
(where n = 3.42 is the refractive index and A is the vacuum
wavelength of the THz radiation) in the Si sample, which is
sufficiently longer than the sample thickness (see below) so
that the effects of the Gouy phase on phase matching should
be negligible [16]. The generated higher-harmonic radiation
was collected and collimated with a second paraboloidal mir-
ror and guided to a Fourier transform infrared spectroscopy
(FTIR) setup (employing a high-resistivity (HR) polished Si
beamsplitter), where the field correlation signal was measured
with a liquid-helium-cooled bolometer (Infrared Laboratories
LN-6/C, NEP: 1.28 x 1073 W Hz~!/?), with a frequency
resolution of 20 GHz set by the scan range. In front of the sam-
ple, a low-pass filter consisting of a 2-mm-thick fused silica
plate was positioned in the FEL beam to absorb the intrinsic
higher harmonics of the FEL. Following the sample, two high-
pass filters (multilayer metal-mesh filters HP74 cm™' and
HP100 cm ™' from QMC Instruments Ltd.) were employed to
strongly reduce the transmitted fundamental pump intensity
(with a residual transmittance of 1.1 x 10~7) in order to im-
prove the dynamic range for the HHG signals. The combined
power transmittance of the filter pair is 0.7, 0.07, and 0.08
at the third, fifth, and seventh harmonics, respectively. The
broadband FTIR setup supports a bandwidth of more than
10 THz, the dynamic range at different frequencies depending
on the transmission characteristics of the high-pass filters.
The specimen under test was a commercial Si:B sample
(purchased from MTI Corp.) with a dopant density of 5 x
10 cm™3, wafer thickness of 275 um, and (100) orienta-
tion, such that the pump laser is polarized along one of the
equivalent (100) axes. The dopant density was chosen to be
as high as possible to obtain sufficiently strong signals but low

enough to remain at the onset of interdopant interactions well
below the Mott density of impurity-band formation [17,18].
This is demonstrated by the linear transmission spectra shown
in Fig. 1(b), which were measured by FTIR spectroscopy at
the indicated temperatures from 5-150 K. The spectra exhibit
the expected series of discrete ground-state transition lines
at 7.39 THz (II'y — 1I'y), 8.41 THz (1I'y — 2Ty), and
9.67 THz (II'{ — 1’5, 1T) of ground-state B dopants in
Si [2,19]. Additional weak transition lines can be resolved at
9.37 THz (IT§ — 3Tg)and 10.41 THz (IT'{ — 2T, 6I'y),
superposed on the shoulder of continuum transitions. Com-
pared with the line shapes observed in the case of samples
with a dopant density below 5 x 10" em™3 [2,17], the three
main lines are broadened but remain clearly separated from
each other at 5 K. With rising temperature, they weaken
due to thermal ionization and broaden due to interaction
with the free-hole plasma, while the background transmis-
sion decreases due to both the Drude absorption of the free
carriers (from the low-frequency side) and redshifted con-
tinuum absorption by dopants in thermally activated bound
excited states.

III. RESULTS
A. THG from free-standing Si:B

Figure 2(a) presents transmission spectra of the Si:B sam-
ple recorded upon illumination with strong THz radiation.
The spectra consist of transmitted (leaking) FEL radiation
and HHG radiation emitted from the sample. In the curves
taken at three different pump pulse energies, one observes line
features, the most prominent ones being at 3.12, 4.68, and
6.24 THz in addition to the residual pump light at the fun-
damental frequency of 1.56 THz. The lines at 3.12 THz and
6.24 THz are the second and fourth harmonics of the pump
light; their intensities are found to be directly proportional
to the pump intensity. The origin of the additional weaker
features in the spectrum such as the broad structure between
2.0 and 4.0 THz and the line at 6.9 THz is unknown to us.
However, all features except for the line at 4.68 THz originate
from the FEL itself. This was confirmed with measurements
taken with a nominally undoped HR Si specimen in the beam
path (sample with a room-temperature specific resistance
>12 k2 cm purchased from University Wafer Inc.), as also
included in Fig. 2(a) (vertically shifted green curve), which
exhibits all of the above-mentioned features except for the line
at 4.68 THz. This signal, at the third harmonic of the pump
frequency, can hence be attributed to the boron dopants of the
Si:B sample. Its intensity exhibits a superlinear pump-power
dependence, investigated in detail in the following. Note
that the absence of a third-harmonic signal in the reference
measurement with the undoped sample proves that this signal
cannot originate from the bound electrons of the Si atoms [20].
We also note that no spectral features were observed here
at the fifth and the seventh harmonic frequencies (7.80 and
10.92 THz). The implications will be discussed in Sec. IV.

Figure 2(b) displays the measured pulse intensity /3, of the
third-harmonic line for seven values of the pulse energy of the
pump pulses, from 5.5 to 31.2 nJ (corresponding to a peak
pump intensity I, ranging from 0.17 to 0.95 MW /cm?, all
measured in front of the sample). The error bars indicate the
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FIG. 2. (a) Transmittance/emittance spectra of the Si:B sample
exposed to 1.56-THz radiation at the three pump pulse energies
of 5.5, 12.5, and 31.2 nJ (power measured directly in front of the
sample). Also included is the transmittance spectrum of the undoped
HR Si sample for a pump pulse energy of 21.7 nJ (green curve, scaled
down by a factor of 100 for better visibility in the logarithmic plot).
(b) Black open diamonds: Measured THG intensity as a function
of the pulse energy of the FEL beam, the error bars represent the
power fluctuation of the FEL. Black dash-dotted line: Power-law
dependence with an exponent of 3.9. The inset shows the results
of a THG measurement using the TELBE facility where the pulse
repetition rate is only 50 kHz (leading to reduced sample heating).
The blue pentagons represent the measured THG intensity and the
blue dashed line a power law with an exponent of 3.6. (c) Blue
triangles: Normalized effective nonlinear susceptibility Xc(ff) as a
function of the electric radiation field E,, of the pump pulse in the
sample. Red curve: Simulated x_;) = x ®n, due to impact ionization.
Both are normalized to the respective values obtained at 12 kV /cm.
Magenta-colored curve: Estimated density of light holes created by

tunneling ionization.

FEL power fluctuations. The dependence can be fitted with
a power law L, o< I) with n = 3.9, as shown by the black
dash-dotted line in Fig. 2(b). The exponent 7 is clearly larger
than the value n = 3 expected for a third-order nonlinearity
with a constant x ® susceptibility, as was previously reported
for far-infrared THG experiments on doped Si at room tem-
perature [21], where all dopants (concentration n,) were ther-
mally ionized and one observes x® o ny. The susceptibility

evidently must be taken as pump-power dependent, which we
write as:

L, =B (x5 1,)’L (1)

where § is a constant proportionality factor. With the data of
Fig. 2(b), and the relationship I, = (n + 1)2£0c0E3) /8, which
connects /,, (measured in front of the sample) with the peak
electric field E,, within the sample (gy: vacuum permittivity,
co: vacuum speed of light), we can derive the dependence of
Xé?f) (I,) on E,, shown by the blue triangles in Fig. 2(c). Note
that we neglect the role of phase mismatch due to propagation
in the sample, as one can show that the coherence length for
THG (even accounting for the dispersion of the dopant bands)
is greater than 1 cm.

The rise of the susceptibility with the pump field strength
suggests that the entities, responsible for the nonlinearity,
increase in number with rising field strength. This strongly
suggests free holes to be the origin of the nonlinearity,
such that

x& 1) = xOm,), )

with ny,(1,,) being the pump-dependent density of free holes.

In the following, we discuss three mechanisms which could
be considered to explain the field-dependent susceptibility
in Fig. 2(c): (i) ionization of the dopants by multiphoton
absorption, (ii) radiation-field-induced tunneling processes,
and (iii) impact ionization initiated by a residual population
of thermally ionized free holes which are accelerated in the
pump field.

With regard to multiphoton ionization, we can refer to
Ref. [3], where two- and three-photon THz absorption was
studied experimentally and theoretically for the case of phos-
phorus dopants in Si:P—a system which has quite similar
dopant-related optical properties as Si:B. It was found that
the observation of three-photon transitions from the 1s ground
state requires a pulse intensity of at least 17 MW /cm? (for
a two-photon process, it is ten times less). This is much
more than was available in our experiments [see Fig. 2(b),
upper scale]. In addition, one would need at least a five-
photon absorption process for such an excitation in Si:B with
1.56-THz photons, which would require a much higher inten-
sity. Based on these numbers, we can rule out multiphoton
absorption as relevant for the increase of the hole density in
our measurements.

Considering now direct tunnel ionization, it is useful to
follow the procedures applied in the studies of ionization of
atomic gasses and to compare the expected significance of
tunneling relative to multiphoton ionization with the help
of the Keldysh parameter [22] y (see Appendix A). Here
we estimate y = 2.8 for light holes (and y = 4.85 for heavy
holes) for a radiation field strength of 10 kV/cm, typical
for our experiments. As y > 1, this implies that multiphoton
ionization is expected to dominate over tunneling ionization.
As the former has already been found to be insignificant, so
apparently is the latter. Another argument against tunneling
ionization is the electric-field dependence to be expected for
the hole density n,. The magenta-colored curve in Fig. 2(c)
displays the field trend of An, the hole density created by
tunnel ionization as calculated with the expressions given in
Appendix B. As can be seen, the electric field dependence is
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far more nonlinear than that of the experimentally determined
X ;?f) even when one attempts to match the offset and scale to
the data, which supports the conclusion that direct tunneling
cannot be the main contribution to the ionization in our
experiments.

This leaves the third mechanism, impact ionization, initi-
ated by thermally ionized free holes. That this is an effective
ionization mechanism of shallow dopants at low temperature
in moderately strong applied DC fields (before tunneling ion-
ization sets in) has been known for a long time [23-25]. Im-
pact ionization of shallow dopants by THz radiation pulses has
apparently not been studied yet [26], in contrast to the case of
interband impact ionization in narrow-band-gap semiconduc-
tors exposed to intense THz and infrared radiation [27-30].
The theoretical treatment of this interband excitation involves
accounting for the high-energy tail of the energy distribution
of existing free carriers accelerated by the radiation field.
This leads to a simple expression for the density of impact-
generated charge carriers, which turns out to be applicable for
the analysis of our data [27,30]:

An E}
— = Aexp ) 3)

no o

where A is a factor that weakly depends on the pump electric
field, ng is the initial density of free carriers at the sample
temperature, and Ej is a characteristic electric field dependent
on the radiation frequency. We will discuss the applicability of
this expression for shallow impurities and the characteristics
of the FELBE THz radiation pulses in Sec. IV A. For now,
we apply this expression assuming A to be constant over the
field range of our measurements, insert it into Eq. (2) in the
term for the hole density n;, = ng + An, and fit the equation to
the values of x e(:f) extracted from the measurements. For Ey =
11.3 kV/cm, and A = 0.92, we obtain the results shown by
the red curve in Fig. 2(c), which reproduces the experimental
data very well. We note that both impact and tunnel ionization
rates have an exponential field dependence in their low-field
regimes, ie., £E < Ey =113 kV/ecm [Eq. (3)] and E K
ag = 261 kV/cm [see Egs. (B1)—(B4) below], respectively,
with both going into a polynomial-like saturation at higher
fields E 2 Ey, ag. On this basis, only impact ionization can
reproduce the moderate field dependence of the experimental
data in Fig. 2(c) in our field range.

While this good agreement supports the notion that the
THG of our experiments originates indeed from a x * nonlin-
earity of free holes in the valence band, we have yet to identify
the origin of the nonlinearity itself. Referring to studies of
the free-carrier nonlinearity of various doped semiconduc-
tors at room temperature [21,31-34], one finds that possible
contributions to the nonlinearity may come from both the
nonparabolicity of the energy band in reciprocal space [21,32—
34] and from the nonlinear dependence of the free-carrier
relaxation time on momentum [21,31] (for kinetic-energy-
dependent scattering of holes in group-IV semiconductors,
see, e.g., Ref. [35]). With the data available from our ex-
periments, we cannot presently conclude which of the two
contributions may dominate in our case (see discussion in
Sec. IV A).

TDS measurement
T T
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FIG. 3. (a) Scheme of the 1D PC cavity. (b) Blue line: Trans-
mittance spectrum of the 1D PC cavity at 20 K measured by THz
time-domain spectroscopy (TDS); red line: transmittance spectrum
calculated with the transfer matrix method (TMM). The spectra are
as simulated respectively measured, without normalization.

We finally address the question whether the dependence
of the nonlinearity on the density of holes may simply result
from thermal ionization of bound dopants due to sample
heating by the THz pulse train. Since the repetition rate
of the FELBE pulses is high (13 MHz), absorbed radiation
energy could lead to an elevated sample temperature, at which
radiation heating and energy loss by thermal diffusion are
again in balance. However, an analysis of the absorbed power
and heat diffusion in the sample (see Appendix C) tends
to rule this out. To test experimentally for such a contri-
bution, we performed additional THG measurements em-
ploying a different pump source—the new superconducting
radio-frequency accelerator-based superradiant THz source
(TELBE at HZDR) [31]. This system operates at a repetition
rate of only 50 kHz, a rate 260 times lower than that of
FELBE, such that any heat accumulation will be significantly
reduced. The measured THG intensity as a function of the
pump pulse energy is shown in the inset of Fig. 2(b) for the
same energy range of the pump pulses as in the experiments
discussed above. Again, the intensity of the third-harmonic
signal increases with the pump pulse energy, albeit with a
lower power-law exponent of n = 3.6 (instead of n = 3.9).
The exponent 1 > 3 is again evidence for an electric-field-
induced carrier multiplication, while the somewhat lower n
value may well be due to the different pump radiation fre-
quency (0.3 THz) used in the TELBE experiment [and hence
a different value of E in Eq. (3) above].

B. Intracavity THG from Si:B

In order to investigate intracavity THG, a 1D PC cavity
was constructed which consisted of a so-called defect layer
between two Bragg mirrors [15]. A sketch of the cavity is
shown in Fig. 3(a). The 275-um-thick Si:B sample served as
the defect layer, and two identical pairs of unit structures con-
sisting of a 50-pum-thick slab of HR Si and a 46-pum-wide air
gap as Bragg mirrors on both sides of the defect layer. We cal-
culated the linear transmittance spectrum of the cavity using
the transfer matrix method. The result is shown by the red line
in Fig. 3(b). The spectrum consists of equally spaced narrow-
band cavity resonances within the stop bands and a much
broader high-transmittance region in the range 1.6-1.8 THz
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between the stop bands. For the cavity mode at 1.58 THz,
chosen for the experiments below, the theoretical intracavity
field enhancement factor g = 4.6 (directly on resonance, at
the standing-wave antinodes in the defect layer), although as
discussed below, this is the continuous-wave (CW) limit and
the achievable field enhancement for a pulse is reduced due
to the relative linewidths of the cavity resonance and pulse
spectrum (and imperfections of the experimental cavity).

The transmittance of the 1D PC cavity was also exper-
imentally characterized by THz time-domain spectroscopy
with a spectral resolution of 5 GHz (dictated by the temporal
scan range of 200 ps). The measured transmission spectrum,
taken at a temperature of 20 K, is displayed as a blue curve
in Fig. 3(b). One sees that the cavity resonances coincide
with the model calculation, only with some broadening and
weakening, which we attribute to imperfect alignment and
planarity of the cavity structure. Nevertheless, for the cav-
ity mode at 1.58 THz, the measured FWHM linewidth is
8.8 GHz which translates into a Q factor of 180. For the THG
experiments at 10 K, we first fine tuned the FEL radiation
frequency to best match this cavity mode, i.e., to maximize the
transmission (without the high-pass filters in the beam). Note
that this occurred at a shifted pump frequency of 1.65 THz,
which we attribute to temperature-dependent effects on the
cavity geometry compared to the transmission measurement
at 20 K.

We performed the FTIR measurements of the
transmitted /emitted radiation as per the free-standing sample
(Fig. 2), for different pump pulse energies. Figure 4(a) shows
the measured spectra for 3.2, 8.4, and 21.5 nJ. Again, in
addition to the fundamental and second-harmonic signals
(at 1.65 THz and 3.30 THz, respectively) which originate
from the FEL pump radiation, we observe the THG signal at
4.95 THz (that the residual fourth harmonic from the FEL is
no longer measured may be due to the transmission spectrum
of the cavity). Again, control measurements with an undoped
Si defect layer confirmed that the THG originates from the
presence of dopants in the Si:B sample.

Figure 4(b) displays the intensity of the third harmonic as
a function of the pump pulse energy (red bullets), which, as
per the free-standing sample, can be fitted with a power-law
dependence with the same exponent = 3.9 (red dashed line),
although at high pump pulse energy (above 15 nJ) some
saturation is observed. Hence, we attribute the THG to the
same mechanism, i.e., due to free holes which are generated
by impact ionization in the THz radiation field. We tend to
rule out heating effects for the saturation (Appendix C), as
these should rather first increase the initial residual population
of band carriers. However, it is possible that the nonlinear
hole current itself exhibits a saturation behavior for large field-
driven wave-packet displacement. For a direct comparison of
the relative THG intensities obtained with and without the
cavity as a function of the pump pulse energy, we present the
data of Fig. 2(b) again in Fig. 4(b) as black open diamonds.
Compared with THG from free-standing Si:B, the intracavity
THG yield is increased by a factor of r = 8.

We can also estimate the experimental field enhancement
rg of the fundamental pump in the cavity (at the standing-
wave antinodes), considering the relative linewidths of the
FEL pulses Av, =22.4 GHz and cavity resonance Av, =

—~
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FIG. 4. (a) Measured transmittance/emittance spectra of Si:B in
the 1D PC cavity, pumped at three FEL pulse energies of 3.2, 8.4, and
21.5 nJ. (b) Measured intracavity THG intensity as a function of the
pump pulse energy (red bullets). For comparison, the THG intensity
for free-standing Si:B is shown by the black open diamonds. Dashed
red and dash-dotted black lines: Power-law trends with an exponent
of 3.9. The horizontal error bars in both data sets indicate the pump
power fluctuation during the experiments.

8.8 GHz. We derive the following relation:
r=1¢-(1+ Avy/Av) T, )

which accounts for the fact that only the central part of the
pulse spectrum resonates in the cavity (partially offset by the
longer resultant pulse in the cavity) and the standing-wave
distribution in the sample ¢ = (cos>?) & 0.27. Solving for
the field enhancement yields the value rg = 2.5. This also
indicates that the THG enhancement could have been much
larger, if the linewidths of the FEL pulses and cavity mode
resonance were better matched. If we take Av,/Av. =1 in
Eq. (4), we predict a cavity THG enhancement r = 42, which
rapidly increases to r ~ 300 in approaching the CW limit
(Av, < Ave).

IV. DISCUSSION

A. Impact ionization of shallow dopants

We simulated the increase of the density of free holes
by impact ionization with Eq. (3), taken from Refs. [27,30].
There, it was derived for the description of interband
(conduction-to-valence-band) transitions by impact pro-
cesses induced in n-InSb (carrier density: 9.3 x 102-2.3 x
10> cm™3) by 40-ns-long mid-IR pulses [30], respectively,
in HgTe quantum wells (carrier density: 3 x 10'" cm™2) by
100-ns-long THz pulses [27]. Here, we discuss why this
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equation should also be applicable for the analysis of our
measurements.

Equation (3) was derived in Refs. [27,30] on the basis
of the assumption that the carriers are thermalized, having a
temperature which is elevated above the lattice temperature by
the action of the radiation field. This assumption is reasonable
as the duration of the radiation pulses was much longer than
7, the carrier scattering time, which implies that, during the
presence of the pulse, substantial thermalization processes
take place among the charge carriers themselves and between
charge carriers and lattice, while they continue to be heated
by the radiation field. Equation (3) is based on the picture
that carriers in the high-energy Boltzmann tail, which have
a kinetic energy larger than the ionization energy Ujo,, are
largely responsible for the carrier multiplication process [36].
In the statistical treatment of the collisions it was assumed that
additional ionization by an increased sample (lattice) temper-
ature is significantly weaker and was therefore neglected.

The theoretical treatment of impact ionization in
Refs. [27,30] also assumes nonthermal contributions to
be of secondary significance for the following reason: As
the condition wt > 1 holds, the distribution function of
the charge carriers in k space is asymmetric; the individual
charge carriers draw kinetic energy from the radiation field
such that their ensemble-averaged kinetic energy in field
direction is higher than away from it. It is now decisive how
large this kinetic energy is. Averaged over the radiation cycle,
it is approximately given by the ponderomotive energy (see
Appendix A). As long as this energy is significantly smaller
than Uiy, it is not a dominant factor in the ionization process.

In our experiments, with t estimated to be on the order of
2.5 ps [37], much larger than the value of 0.2 ps at room tem-
perature [38,39], one finds that the pulse duration of 23 ps is
much longer than t and that wt > 1, i.e., conditions which are
not so different from those of Refs. [27,30]. Furthermore, the
ponderomotive energy U, of the holes in the driving radiation
field is much smaller than the ionization energy. We calculate
in the Appendix (Appendix A) values of U, = 0.93 meV for
the heavy holes and U, = 2.9 meV for the light holes, to be
compared with the ionization energy Ujon = 44 meV. Impact
ionization by nonthermal holes hence should be of secondary
importance. Taking all aspects together suggests that Eq. (3)
should be applicable to our experiments.

We finally recall that impact ionization must fulfill energy
and momentum conservation. This is easily possible in the
case of ionization of shallow impurities, as a one-dimensional
analysis in a parabolic valence band in k-space shows. Let
E| = hzkl2 /2m and E| = I’zzki2 /2m be the kinetic energy of a
hole before and after the impact interaction with the dopant,
and E, = h2k§/2m the kinetic energy of the second hole
after its release from the dopant. Energy conservation re-
quires Ey = E{ 4+ E» + Ujon, while momentum conservation
demands k; = k| + k. With these two equations, one obtains
the requirement k{ky = mUjon/ 1i* for the final momenta of the
two holes which can always be fulfilled, if E| > Ujqy.

B. Higher harmonics

As stated in the Introduction, one motivation for this work
was the question of whether recollision processes play a role

in our solid-state version of a frozen, dilute atomic gas. As a
necessary (but not sufficient) indicator for recollision, we con-
sidered the appearance of HHG. Revisiting the requirements
for the observation of HHG by recollision, we note that the
condition for a return of an ionized hole to its ion core is that
the motion of the hole is ballistic for at least one oscillation
half-cycle of the radiation field. This condition is fulfilled,
as wt > 1 (see above in Sec. IVA). A second condition
is that the colliding hole acquires enough kinetic energy in
the radiation field to emit radiation at higher harmonics of
the radiation frequency. From this requirement, we derive a
high-frequency cutoff: The highest harmonic number N, pos-
sible is determined by N, = | (Uion + 3.7U,)/(hw)] based on
semiclassical considerations [9-11]. With the photon energy
of 6.45 meV (at 1.56 THz) and the values of Ui, and U,
above, one obtains N, = 7 for heavy holes and N, = 8 for
light holes. Based on this condition, high harmonics could be
generated in our system.

The reason for not observing HHG is probably that the
ionization rate is too low to generate a detectable signal.
There are, in addition, two factors which may reduce the
efficiency or the observability of recollisional HHG further.
(i) A tacit assumption of HHG is that the charge carrier is
a spatially localized object which is driven away far enough
from the potential of the ion core that the recollision process
is near instantaneous. Unlike in gas systems, the holes in our
dopant systems are more extended wave-packet objects, the
core potential extends further out into space (~1 nm) because
of the dielectric influence of the host crystal, and the trajectory
of the holes brings them not very far away from the ion
core (~3 nm for heavy holes, 11 nm for light holes). These
aspects may lead to a reduction of HHG efficiency. (ii) A
possible reason for a suppressed visibility of HHG is the en-
semble average of the emission. In the HHG experiments with
gases, the ionization and recollision processes of the different
atoms are synchronized by the extremely short laser pulses
employed. Our experiments were performed with multicycle
pulses under conditions where a tight synchronization is not
to be expected and destructive interference may be significant.

V. CONCLUSION

By employing intense FEL pulses, we have experimentally
demonstrated THG from Si:B at low temperature. The THG
process can be attributed to the third-order nonlinearity of free
holes in the valence band, where the increase of the suscep-
tibility x® with pump intensity indicates that the number
of free holes also increases due to ionization of the dopants
during each pump pulse. While direct tunneling ionization
cannot readily account for this intensity dependence, we find
that a previously established model for impact ionization,
initiated by thermally ionized band carriers, allows us to fit
the data over a wide range of pump intensity. An important
direction for future studies would be to quantitatively con-
firm the density of photoionized carriers: While the expected
densities correspond to a plasma frequency in the microwave
frequency range, such that a THz-pump THz-probe approach
may not be sensitive enough, another option would be to
measure the photoconductivity response using a sample with
electrical contacts.

075205-6



INTRACAVITY THIRD-HARMONIC GENERATION IN Si:B ...

PHYSICAL REVIEW B 102, 075205 (2020)

In addition, by embedding the Si:B in a 1D PC cavity, we
observe an increase in the THG efficiency by up to eight times
compared to the free-standing sample, due to the electric field
enhancement at a cavity resonance frequency. A consideration
of the relative linewidth of the FEL pump pulses and cavity
resonance suggests that the enhancement of intracavity THG
efficiency could be increased to a factor exceeding 100 if
pump pulses with a narrower linewidth were employed. We
note that while the THG efficiency increase here is achieved
by cavity field enhancement of the fundamental pump alone,
one can also consider possible designs where a cavity reso-
nance simultaneously occurs at a target harmonic frequency,
which has the potential to increase the efficiency even further.
Such experiments show how dielectric THz cavities, which
can be readily constructed with high Q factor, can greatly
enhance nonlinear processes, and can be potentially employed
as a platform for many other nonlinear light-matter interaction
experiments.
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APPENDIX A: KELDYSH PARAMETER

The Keldysh parameter y is a quantity used in atomic
physics to determine whether multiphoton absorption or tun-
neling is more efficient at photoionization of gas molecules
in strong radiation fields. y = ,/Ujon/(2U,) compares the
ionization energy Ui, of the atomic species with the cycle-
averaged ponderomotive (quiver) energy U, = e’E2/(4dmw?)
of a free electron with mass m = m,. If y > 1, multiphoton
ionization dominates over tunneling ionization. We evaluate
the Keldysh parameter for the case of bound holes in Si:B
using the following parameters: Ui, = 44 meV [2], effective
conductivity mass of light holes m;;, = 0.16 m, and of heavy
holes my;, = 0.49m, [40], and w = 27 x 1.56 THz. For a ra-
diation field of E,, = 10 kV/cm, one obtains a ponderomotive
energy of 2.9 meV (0.93 meV) and the value y =2.8(y =
4.85) for light holes (heavy holes).

APPENDIX B: TUNNELING IONIZATION RATE

An expression for the tunneling rate of holes from accep-
tors in a strong electric field was derived in Ref. [41] and
applied successfully to ionization studies of shallow acceptors
in Ge using both DC electric fields [42] and single-cycle THz
pulses [43]. There, the tunneling rate of Ref. [41] was approx-
imated by:

o 6ap \ 21! (_ o )
E (t)_Q(Ewm) *\"Lon) OV

where the parameters €2, og, and n} are defined by [42]

o— 1  2Uion E2)
S oTmr+ D R
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['(n} 4 1) is the Euler gamma function and o2 = 0.63 a Si
valence band parameter [41]. As the tunneling rate increases
strongly with decreasing mass, one considers only the light
holes here. Using the value of m;, = 0.16 m,, we arrive at the
following values of the three parameters of Eqgs. (B2)-(B4):
Q=273 x 10" s7!, ap =261 kV/cm and n} = 0.5845.
With the tunneling rate of Eq. (B1), we can derive the
density An of tunneling-ionized dopants (i.e., the density
of additional free holes), generated by each THz pulse by
integration over the THz waveform [43]. For weak ioniza-
tion, i.e., neglecting depletion of the nonionized dopants:
An = ny f r,’l(t)dt, where n, is the dopant density, which
yields the curve in Fig. 2(c). As shown, this leads to values
An ~ 10'° cm™ at our peak field of E = 12 kV /cm, although
there are reports (e.g., for GaAs:C [42]) where it was shown
that Egs. (B1)—(B4) can overestimate the experimental tunnel
ionization rate by an order of magnitude or so at high fields.
We also remark that pulse-to-pulse accumulation of holes can
be ignored, as the time interval between pulses is 76 ns, while
the recombination time of holes in Si:B is about 500 ps [44].

APPENDIX C: THERMAL CARRIER CONCENTRATION
AND SAMPLE HEATING

One can estimate the density ny of thermally ionized holes
in the valence band at low temperature 7" via the relation [45]:

NVnd l]ion
ng ~ exp| ——— |,
TV e TP\ 2

(ChH

where ny =5 x 10'® cm™3 is the acceptor concentration,

g4 = 4 is the degeneracy of the lFi—ground state, and Ny =
22m ik T /h?)*/? is the valence band effective density of
states (DOS) in terms of the effective DOS mass iy, =
0.59m, [45]. For T = 10 K, Ny, = 6.9 x 10' cm~—3, and one
calculates from Eq. (C1) a free hole density no < 107 cm ™3,
although this rises exponentially to a value ng ~ 10'" cm™3
at T = 20 K. Hence the precise residual density of thermally
ionized holes (without FEL illumination) depends critically
on the actual base temperature of the sample (as well as trace
concentrations of compensating donors and other defects)
and is difficult to quantify. However, our main aim here is
to evaluate whether the Drude absorption of these carriers
should lead to a significant temperature increase of the sample
(and hence further thermal ionization) under the steady-state
FEL illumination, with a maximum energy of J,, ~ 30 nJ and
average power of P, ~ 390 mW.
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The Drude absorption coefficient (for weak absorption and
a scattering time 7 such that wt >> 1) is given by
2
npe
o~ , C2
£0C0/€cor * MBWAT €2

where €., = 11.8 is the background relative permittivity and
my, = 0.345m, the effective hole conductivity mass [46]. If we
assume a relatively high nominal density of ny = 10'> cm™3
and T =1 ps (so as not to underestimate beam absorption
and heating), then the absorption coefficient in Eq. (C2) still
amounts to only o ~ 10~ mm~!.

Considering first the initial temperature rise A7} on the
beam axis due to a single pump pulse, with the THz focal
1/e?-beam diameter 2w = 400 um. The deposited heat den-
sity isuy(r =0) = o;]w/(%rrwz), and so AT} = u;/cy where
cy =cp=T7x10*Tem>K~! is the volumetric heat ca-
pacity at 10 K [47], from which we calculate AT; ~ 100 uK,
i.e., negligible heating. Nevertheless, one must also evaluate
the accumulated steady-state temperature rise AT in the train

of such pulses (repetition rate v, = 13 MHz). Here one must
account for the edge cooling of the sample which occurs at
the perimeter of the circular metallic mounting aperture with
inner diameter 2R = 6 mm (while radiative cooling can be
shown to be negligible). As aL < 1 (sample thickness L =
275 pum), the heating should be approximately uniform along
the beam axis. Hence one can solve the radially symmetric
steady-state 2D heat diffusion equation VET = —al,(r)/kr
with the boundary condition A7 (r = R) = 0, where the aver-
age THz intensity I,(r) = P, /(37 w?)e=2"/v" and the ther-
mal conductivity ky = 7Wem~'K~! (at 10 K) [48]. The
solution can be derived as AT (r =0) = aPn/(2rk) [49],
where n(w, R) = 3.3 is a geometric factor. With the heat
diffusion coefficient 8 = k/cy =1 m? s~!, we find AT (r =
0)/AT, = vaz/(4,3) ~ 1, i.e., also no significant steady-
state heating, this due to the fact that the characteristic dif-
fusion time w?/(4p) is on the order of the interpulse period.
Hence we can neglect beam heating effects on the residual
free hole density vs FEL pump intensity in the range studied
in this paper.
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