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Terahertz emission from (100) InAs surfaces at high excitation fluences
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The radiated terahertz field fro@00) InAs surfaces under excitation at fluences of millijoules per
centimeter squared has been studied in detail in order to identify the main generation mechanism.
We find that the terahertz emission depends strongly on pump polarization, and that the predominant
emission mechanism appears to be the surface nonlinear optical response of the InAs crystal. A
saturation fluence of 29+4J/cnt is found for the emission. @005 American Institute of Physics
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Techniques for generating radiation in the terahertZour F/2 parabolic mirrors. The probe is co-linearly propa-
(THz) frequency band are of increasing interest today, due tgated through a 1-mm-thick110) ZnTe electro-optic crys-
a growing number of applications using such radiation. Intal, with the THz field. This induces a polarization modula-
the last two decades, THz radiation sources have been devéion which is analyzed using a polarization bridgé4 plate
oped using ultrafast laser sources to excite photoconductivend Wollaston prism with the differential photodiode signal
switches: semiconductor surfacésand nonlinear processes detected using a lock-in amplifier at the optical chopping
in materials>* frequency of approximately 330 Hz. The orientation of the

Of the various THz emitters, InAs surface emission hag001) axis of the ZnTe crystal is varied to measure the
received much attention after initial reports of high conver-electro-optic signal from eithep- or s-polarized generated
sion efficiency. Since this time, InAs has proven to be a THz field*® The InAs emitter is 4100)-oriented, undoped,
relatively bright source of THz radiation when using low N-type InAs sample illuminated at an incidence angle of 45°
iradiance fluenceé<100 nJ/crA), especially under the in- (conduction band carrier density and dc mobility are 1.9
fluence of a magnetic fiefii® Conversion efficiencies from X 10°cm™® and 2.5<10f cn?V~1s™, respectively. The
InAs in the range of~1078 in this low fluence regimfeare ~ PUMP beam is telescoped to aet intensity beam diameter
still significantly less than that of the best THz emitters re-Of 2.9£0.05 mm using a pair of lenses, and the emitted ra-
ported to daté~10-3) using large-aperture externally biased fjlatlon is collecte_d at_ an angle of 45° to the surface normal
GaAs photoconductive switch&sThus, it is of interest to " the specular direction.

study the increase and saturation of emitted radiation from The crystallographic orientation of the I.nAS .sa.mple was
InAs sources using higher irradiation fluences. rotated about the surface normjaDQ], while irradiating the

Traditionally, THz emission from InAs is reported to be fam?lle with aflmearl;p-po!{alrlz;d pJLI/rgr;T)Abeam at anF_excita-
a result of photoexcited carrier diffusio(photo-Dember Ir?en _uglr;_e g d 2p?r01('2;?]§§3 oTIar e c?oiii};n;ncorﬁ. or’went
effecy."**" Por other wide-band-gap materials such as InF} Iuspgsmzlazll cor:1J %L;em w:th twofolg rotational s mrgetr
and GaA<?® there is evidence that optical rectification ” omp yn Y-

X o : The angularly independent component could be attributed to

(OR) can contribute significantly to the generation of THz _ = . .

e . emission from the photo-Dember effect, which should lead
radiation, which has also been reported for narrow-band-ga&) constantp-polarized output, independent of crystal rota-
materials such as InS@Ref. 14 and (111) InAs (Ref. 15. b but, P Y

; . - tion. It could also be attributed to a transient current resultin
Recently, it has been reported that there is a negligible co g

e . O om the acceleration of photogenerated carriers in the sur-
tr|put|on from OGI_ngn(lOO) InAs. a'; IO.W and moderate exci- face depletion field. However, this contribution is small com-
tation fluence<® 8 However, it is important to properly

o > 5 ared to the photo-Dember effect in InAs at low fluefte.
identify the emission mechanism in order to fully understanop P

the scaling of emission to higher output fluences. In the

present letter, we have studied the saturation of emissionfor _ 350 7T v+ T 7 1T 1T 17 T 1T 1T T T 1
(100) InAs and the polarization dependence of the THz emis-
sion in the saturated regime in order to clearly identify the
generation mechanism.

A regeneratively amplified Ti:sapphire laser system gen-
erates 800 nm, 1 kHz, 750J, 130 fs pulses. The radiation
is split into a pump(92%) and probe(4%) using a wedged
window. The probe is delayed with respect to the pump using
an optical delay line. A variable attenuatot/2 plate and
polarizeyp is used in the pump beam to vary the fluence. The 0 100 200 300
polarizer can be removed to allow the linear polarization Crystallographic orientation (deg)
angle of the pump to be modified. The THz radiation from

the emitter is collected and imaged onto the detector using!G. 1. p- (triangles ands-polarized(squares THz signals as a function of
the crystallographic orientation for p-polarized pump beam at approxi-
mately 2 mJ/crA The angle in the plot is defined as the angle the
3Electronic mail: fed@ee.ualberta.ca p-polarized pump beam at th{&00) face makes with thg011] direction.
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541 s s s s s B B B B B Since there can be rspolarized emission from a dipole
radiating normal to a dielectric discontinuﬁ?/, the

£
s 30r ] s-polarized THz signal in Fig. 2 indicates that there is a
E 200 |- 4 significant nonlinear optical response. Another feature of re-
o sults shown in Fig. 2 is that the radiateegbolarized THz
= 100 - . field is 45° phase shifted from thg-polarized THz signal
<§ L . and exhibits phase reversal under polarization rotation.
2 0 ' The main features that must be explained by any mecha-
[P TS N N st T B T S SO o MO nism responsible for the radiated THz field afe: large
0 100 200 300 p-polarized isotropic signal under crystal rotatigii) large
Linear pump polarization angle (deg) polarization dependence &f and p-polarized THz signals

_ _ _ under pump polarization rotatiofiji ) 45° relative phase be-
FIG. 2. Detectedp- (triangleg and s-polarized (squarey THz field as a tween the data sets pf ands-polarized THz signals in Fig
function of the linear pump polarization angle at 1.7 mJ7 gump fluence. ’

0° corresponds to @-polarized pump beam while 90° corresponds to an 2, and(iv) Chan_ge of pol_arity irs-polarized THz Sig_nal Und_er
s-polarized beam. The InAs crystal axes are such that[@id] axis is  pump polarization rotation. These can be described satisfac-

perpendicular to the plane of incidence. torily by the emission mechanism being surface OR. For the
similar phenomenon of surface second-harmonic generation

We will refer to these as photocarrier-related effects. It is(SSHG) from (100) facets of crystals with @m symmetry, the
therefore tempting to attribute the emission to photocarriers-polarized emitted field is proportional &"™ED"™, while
related effects. However, it will be shown that this is not thethe p-polarized emitted field is proportional to a linear com-

case. bination of (E2“™)? and (Ef"™)? [see Eq(30) and Table IV
The angle of the linearly polarized pump was also var-of Ref. 2. The constants of proportionality depend on the
ied, while maintaining the InAs crystal fixed with tfi@11]  linear optical properties and surface nonlinear tensor ele-

axis perpendicular to the plane of incidence. The two polarments of the InAs buhot on the crystallographic orientation.
izations of the THz signal were measured at a beam fluencgéhe emission depends only @ump polarizationconsistent

of 1.7 mJ/cnd and plotted in Fig. 2. There is a very strong with points(i) and(ii). The fact that there is a small nonzero
twofold rotational symmetry, both in the and p-polarized  s-polarized THz signal in Fig. 1 will be discussed later. The
THz signals. A small part of the angular variation in the large s-polarized THz signal with a change in polarity and
p-polarized THz signal can be due to variations in Fresnetwofold rotational symmetry 45° out of phase with the data
reflectivity with input polarization since there is a difference set for p-polarized THz radiation is simply described by
in the transmission fop- ands-polarized radiation into the ~ElHzoc EPUMAEPUTP gng EgHZ having a |arge(Ep)2 and small
InAs (T,=0.81 andTs=0.57 forn=3.5 at 800 nm and 45° (E 2 contribution [see Eq.(30) and Table IV of Ref. 2],
incidence angle The variation in thep-polarized THz signal  consistent with pointsiii ) and (iv).

for the 0° orientation angle shown in Fig. 2 versus the pump At this point, it is worth noting that there are other pos-
beam fluence is plotted in Fig. 3. The data fits the saturatiogjhle mechanisms that cannot be ruled out without discus-
formulaEf,=(AF)/(F+Fg), whereAis the amplitudeF is  gjon, These are electric-field-induced BR(similar to

the incident beam fluence arkd, is the saturation fluence, electric-field-induced SH&), bulk OR, and the quadrupolar
with a best-fit saturation fluence dfs,=29+4ud/cnt.  nonlinear response of InAs.

Since the angular dependence shown in Fig. 2 was measured Cajculating the bulk contribution for our configuration,
at an incident fluence of 1.7 mJ/énvery little reduction in  there is no angularly independent term for either crystal or
output would be expected for even a factor of 2 reduction ohump polarization angle rotatidA.The small signal modu-

pump fluence, and thus only a very small part of the rotayating the large offset of thp-polarized THz signal of Fig. 1
tional anisotropy shown in Fig. 2 can be related to Fresnelyouid be consistent withulk OR.

reflection effects. In addition, it is not expected that a small  glectric-field-induced second-harmonic or optical recti-

change in Fresnel reflectivity at the pump wavelength fromicaiion is a result of the near-surface depletion field mixing
the injection of carriers by the laser at the present intensitieg;itn, the third-order susceptibility, resulting in an effective

will modify this conclusion significantly. second-order response of the matelid? The 4m and

(100 orientation of the InAs dictate that the tensor elements
1000 describing the process of electric-field-induced effective sec-
ond order nonlinearity are exactly in the same form as de-
scribed by Ref. 21 for a pure surface response. The descrip-
tion in Ref. 21 is phenomenological in nature, and therefore
100 encompasses the related process of the effective second order
response due to the depletion field. It is therefore impossible
to distinguish between the two processes with crystallo-
graphic orientation and polarization studies alone. We will
10 refer to these two processes as the effective second-order
1 10 100 51000 10000 surface response of InAs.
Excitation fluence (ul/em®) Finally, the quadrupolar response of the InAs could lead
FIG. 3. Detectedp-polarized THz field as a function of excitation fluence. toa Iarge Isotropic contribution under CryStaI rotation as ob-

The fluence is defined as the excitation fluence normal to beam propagaticserved in Fig. 1. We rule out this possibility by noting that

before striking the surface of the InAs crystal. there is no fourfold symmetric contribution observable, and
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