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Resonant terahertz generation from InN thin films
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Highly efficient conversion from ultrafast optical pulses to their terahertz (THz) counterparts has been
achieved with InN thin films. An average THz output power as high as 0.931 uW has been obtained for an
average pump power of 1 W, corresponding to a normalized conversion efficiency of 190% mm~2. Based on
our measured dependences of the THz output power on pump polarization, incident angle, pump power, and
InN film thickness, resonance-enhanced optical rectification is one of the most plausible mechanisms for the
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THz generation in the InN films. © 2007 Optical Society of America

OCIS codes: 190.2620, 190.7110, 320.7110.

ZnTe and InAs crystals remain the most efficient in-
organic semiconductor electro-optic materials for
terahertz (THz) generation by using ultrafast laser
pulses. Optical rectification [1] and photo-Dember ef-
fect [2] are the primary mechanisms for THz genera-
tion in these two materials. Recently, InN films were
used for generating THz radiation by using ultrafast
laser pulses [3,4]. The mechanism for the THz gen-
eration was assigned to either the transient photo-
current [3] or the photo-Dember effect [4].

In this Letter, we present our results on efficient
THz generation from InN thin films by using ul-
trafast laser pulses. A Ti:sapphire regenerative am-
plifier with the output wavelength, pulse width, and
repetition rate of 790 nm, 180 fs, and 250 kHz, re-
spectively, was used as a pump. After passing
through a half-wave plate, the amplifier beam was fo-
cused by a positive lens (f=50 mm). Each InN
sample was sequentially placed in the beam path
with the InN side being illuminated by the incoming
beam at a location 5 mm from the focal point either
before or after it (the beam diameter is 400 um); see
the inset of Fig. 1(a). The THz beam generated in the
forward direction was then collected by a parabolic
mirror and subsequently detected by an accurately
calibrated bolometer. Polyethylene and germanium
filters were inserted in front of the bolometer to block
the unconverted pump beam.

Nine InN films were grown on (0001) sapphire sub-
strates, each of which had a 4 um semi-insulating
GaN buffer layer grown by a Vecco Gen 930
molecular-beam epitaxy system at 490°—-510°C; see
Table 1. X-ray diffraction studies confirmed that
these InN films all had a wurtzite structure with
their ¢ axis perpendicular to the substrate surface
[5]. Although these InN films were not intentionally
doped, they all had quite high electron densities; see
Table 1. The bandgaps of these films were measured
by us to be about 0.6 eV. For each InN film sample,
we measured the THz output powers at different
pump powers. Among all the samples, the highest
output power achieved in our experiment was
0.931 uW for an average pump power of 1 W from
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the 700 nm thick InN film, i.e., sample 3 in Table 1.
Moreover, the THz powers from all the InN films
were independent of the azimuth angle, similar to
Ref. [3]. However, the THz output power strongly de-
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Fig. 1. Normalized output power (dots) and square of the
effective nonlinear coefficient (solid curves) plotted as a
function of (a) polarization angle for the pump beam and (b)
incident angle of the pump beam. All the results were ob-

tained on sample 3 at a pump power of 1 W. Inset, configu-
ration for THz generation from an InN film.
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Table 1. Description of InN Samples Investigated in
Our Experiment

Highest
InN Mobility at Electron THz
Sample Thickness 300 K Density Output
No. (mm) [em2/(Vs)] (X10™¥em™2) (nW)
1 1270 870 6.2 124
2 740 1054 3.02 576
3 700 735.8 2.52 931
4 600 593 6.1 175
5 300 534 3.93 192
6 150 278.5 3.28 60
7 70 — — 15
8 50 — — 5.8
9 25 — — 0.5

pended on the polarization and incident angle of the
pump beam; see Figs. 1(a) and 1(b). The maximum
output power occurred at 6#;=60° and for a
p-polarized pump beam (i.e., ¢=0°, where ¢ is the
angle of the pump polarization formed with respect to
the plane of incidence); see the inset in Fig. 1(a). In
such a case, the THz beam was measured as
p-polarized by using a wire-grid polarizer. When the
pump polarization was s polarized (i.e., ¢=90°), the
output power was dramatically reduced from the
maximum value. The ratio between the maximum
and the minimum output powers was determined to
be 6.4. Such a large ratio cannot be induced by the
polarization dependence of the overlap between the
photocarrier distribution and high-electric-field re-
gion observed in [6]. In our experiment, we used a
much larger beam diameter, much thinner samples,
and an incident angle of 60°.

The output power quadratically depended on the
pump power when the pump power was less than
80 mW, see Fig. 2. For higher pump powers, however,
the dependence approached linear. Since the photon
energy of the pump beam was above the bandgap of
the InN films, the absorption of the pump beam by
the film could be quite high [7]. Therefore, at rela-
tively higher pump powers the temperature of the
film within the pumping area was significantly in-
creased, which might have caused the absorption co-
efficient to increase [8]. One can see from Fig. 3 that
the THz output powers from samples 3 and 5-8 form
a quadratic dependence on the film thickness. How-
ever, for samples 1 and 4 the output powers were
much less than those from sample 3, probably be-
cause of the much higher free-carrier absorption
losses for the THz beams.

Among all the possible mechanisms for the THz
generation, optical rectification is one of the most
plausible. It can be readily shown [9] that although
the second-order nonlinear polarization for our ex-
perimental configuration is independent of the azi-
muth angle, it strongly depends on the incident angle
and the polarization of the pump beam. Furthermore,
the square of the effective nonlinear coefficient is
given by dZg=(d, cos 6,+d, sin 6,)*+d>, where d,, d,,
and d, are

d, = 2d3; cos? ¢ cos 6, sin 6,
d, = 2d3; cos ¢ sin ¢ sin 6,

d, =ds; cos? ¢ cos? 0, + d; sin? ¢
(1)

In Eq. (1) 6, is the incident angle for the pump beam
inside the InN film, and the x and y axes are chosen
to be parallel to and perpendicular to the plane of in-
cidence, respectively. In Fig. 1(a), dsz is plotted ver-
sus ¢ for 6,=60° by assuming that ds;=d5 and ds3
=-2d5 [10]. Although the first relation is valid for a
lossless medium [9], we can still use it as an approxi-
mation. The second one is derived from bond additiv-
ity [11]. Under these assumptions, dsz closely
matches our data; see Fig. 1(a). Similarly, the depen-
dence of d%; on 6; for ¢=0° is in excellent agreement
with our data for 6;<60°; see Fig. 1(b). Above 60°,
however, the measured output power starts to de-
crease, probably because of the reflection losses for
the two interacting beams. At the pump power of 1 W
the output power is still proportional to the square of
the effective nonlinear coefficient; see below. Al-
though it was demonstrated previously that THz gen-
eration due to the transient photocurrent was effi-
cient for the p-polarized pump [12], the calculated
ratio between the maximum and the minimum out-
put powers based on such a mechanism is much less
than our experimental value. Furthermore, if 6
~60° corresponds to the Brewster angle for the pump
beam, the index of refraction would be too small [13].
For normal incidence (#=0°) the output power was
measured by us to be close to zero. Although we tried
to collect any THz beam that might have propagated
in a direction forming an angle with that of the pump

+da3 cos? ¢ sin? 6.
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Fig. 2. Average output power plotted as a function of av-
erage pump power, measured on sample 3 (dots). The solid
curve in the inset corresponds to the quadratic least-
squares fit to our experimental results.
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Fig. 3. Highest average output power for the THz radia-
tion plotted as a function of InN film thickness, measured
by us (dots). Dashed curve, fitting based on a quadratic de-
pendence; solid curve, nonlinear least-squares fit to our
data after the absorption for the pump beam is taken into
consideration.

beam, the total output power was not measurable.
Based on these characteristics, we have ruled out the
transient photocurrent.

Based on optical rectification [14], the average out-
put power is shown to be

0.60387yd 2P, P,[1 - exp(~ aL)]?
PT,a =

2
SR @
where 7, is the pulse width, n, and n,, are the phase
and group indices, p, and p,, , are the peak and aver-
age powers, and « is the absorption coefficient, all for
the pump beam; 7, is the vacuum impedance; and L
is the thickness of the film. One can see from Eq. (2)
that the output power quadratically depends on the
thickness of the film, which is consistent with our ex-
perimental results; see Fig. 3. Since the photon en-
ergy at the pump wavelength is well above the band-
gap of the InN films, the absorption of the pump
beam can be large, especially for thick films. Using «
as an adjustable parameter, we have achieved the
nonlinear least-squares fitting of our data by using
Eq. (2) when a=~4000 cm™!. As a result, our theory is
in a better agreement with the data after including
the absorption of the pump beam; see Fig. 3. Using
pr.~134nW for p,,~50 mW, L=0.7um, 7,
~180fs, a,~0.126mm? n,~n,~3, and «a
~4000 cm™!, we have estimated d . to be 5.31 nm/V
by using Eq. (2). This value is 3 orders of magnitude
higher than the nonresonant value [15]. Such a large
difference could originate from resonance enhance-
ment of the optical rectification. Above the bandgap
of the InN films, the energy levels for the electrons
and holes form a continuum that contributes to the
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resonance enhancement of the second-order nonlin-
ear susceptibility. Indeed, such an enhancement was
previously observed in a GaAs crystal [16]. As in [16],
the photogenerated carriers in the InN films may
also enhance the effective nonlinear coefficient.
Based on our measurement made on each sample, we
have determined the normalized conversion effi-
ciency at the average pump power of 1 W. Among all
samples studied by us, the highest value of the nor-
malized conversion efficiency is 7=~360 mm™2 for
sample 7. This resonant value is 4 orders of magni-
tude higher than that for a ZnTe crystal.

In conclusion, we have investigated the resonant
THz generation in InN films by using subpicoseconds
laser pulses at 790 nm. Based on our experimental
results it appears to us that optical rectification is
one of the most plausible mechanisms for the THz
generation in the InN films. The highest average out-
put power generated by us is 0.931 uW. Such a rela-
tively high power could be the manifestation of reso-
nance enhancement. Additional work is necessary for
us to fully understand the mechanism for the THz
generation.

This work has been supported by the U.S. Air
Force Office of Scientific Research and Air Force Re-
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