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ABSTRACT

Terahertz emission from n-type (100), (110) and (111) InAs crystals have been measured as a function of the
sample orientation. Emission was excited using 120fs Ti:Sapphire laser pulses at an incident angle of 45° with
fluences of approximately 1—2m.J/cm?. The data is shown to match the behavior expected for optical rectification
at the surface, with small contributions from bulk optical rectification and photo-carrier diffusion. Thus, at
fluences employed in the present study, it appears that the dominant mechanism for generating THz radiation
is optical rectification at the surface.
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1. INTRODUCTION

Techniques for generating radiation in the Terahertz (THz) frequency band are of increasing interest today,
due to a growing number of applications, for example, in imaging,>? biomedicine® and illicit drug-detection,*
which exploit this radiation. In these application areas, one of three kinds of emitters are typically used for
generating pulsed Terahertz radiation: (i) photoconductive emitters,>® (ii) nonlinear optical generation by
optical rectification” and (iii) semiconductor surface emission.®

Semiconductor surface emitters have been traditionally understood to generate radiation at low excitation
fluences (< 100nJ/cm?) by re-radiation due to dipole formation via transient currents. The transient currents
are generated by an ultrafast excitation laser pulse either as a result of injected photo-carrier diffusion® normal to
the sample surface or by the acceleration of photo-generated carriers in the surface depletion field.® 1 However,
when driven by very strong excitation fluences (> 100u.J/cm?), it has been observed that there exists a strong
contribution to the radiated THz field from the bulk nonlinear optical response of the emitter in wide-band gap
materials such as InP,*! as well as contributions from surface optical rectification.!?

Of the semiconductor surface emitters reported in the literature, InAs has proven to generate relatively high
levels of Terahertz radiation, especially under the influence of the magnetic field.!®1*  Virtually all of the
studies regarding InAs have previously been conducted at low excitation fluences (< 1uJ/em?), where transient
currents are expected to produce the majority of the Terahertz radiation. More recently it has been shown that
the dominant emission mechanism from (100) n-InAs is surface optical rectification.!®

The ultimate limitation on the radiated pulse amplitude from InAs is governed by the Physics of the emission
process at high driving fields. Therefore, it is of interest to investigate the behavior of the emission under high
excitation fluences. In this report, we investigate the emission of Terahertz radiation from (100), (110) and
(111) InAs surfaces and demonstrate that the emission is dominated by a different process than reported for low
excitation conditions. Specifically, we find that when driving the emitter at high incident fluences, the emission
becomes dominated by surface optical rectification.
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2. BACKGROUND

2.1. Photo-carrier contribution to the radiated THz field

Terahertz emission from semiconductor surfaces has been studied extensively at low excitation fluences.!3> 14, 16-18
9

In this context, the dominant emission mechanisms are generally understood to be photo-carrier diffusion® or
acceleration of photo-generated carriers in the surface depletion field.® 19 The physics is different for these two
processes, however, the general nature of the radiation that is emitted as a consequence of either process can be
understood from the point of view of a transient current. That is, the optically injected carriers either diffuse or
accelerate in the depletion field, leading to a transient current. The transient current then radiates the Terahertz
wave according to Maxwell’s equations:

aJtransient (t)
ETHz X ot (1)

In general, the transient current flows normal to the sample surface.!® Typically, the depletion field width is
significantly less than 1 pm for n-InAs,'® such that the transient current can be regarded as a time-dependent
dipole (A1rp. = 300um)at the dielectric-air interface. One can therefore show that there can be no s-polarized
wave radiated from this type of emission process.!® Moreover, as the THz field depends only on the direction
and magnitude of the transient dipole, the radiation pattern must be angularly independent under rotation of
the substrate about the surface normal. That is, the magnitude of the transient dipole depends on the injected
carrier density, which is independent of the crystal orientation, provided that the substrate is not birefringent.
InAs is a zincblende material which is not naturally birefringent.

In addition to this, the process of photo-carrier diffusion, or photo-carrier acceleration in the depletion field,
is not expected to be polarization dependent, aside from polarization-dependent Fresnel reflectivity from the
substrate surface. Under excitation from linearly s- or p-polarized pump radiation, the emission is expected to
depend only on the injected carrier density (i.e. J = J(Ninjectea) ) in equation 1.

These main points with respect to the Terahertz emission from photo-carriers can be summarized as follows:

e Dependence on crystallographic orientation: Angularly independent
e Dependence on pump polarization: Depends only on optical pump coupling

e Output polarization: p-polarized THz emission only

2.2. Bulk optical rectification

Bulk optical rectification can contribute to the Terahertz emission from semiconductor surfaces in a reflection
geometry.' 12 In this section we will briefly outline the expected behavior for bulk optical rectification from
InAs.

InAs is a zincblende crystal, possessing 43m symmetry. As such, the second-order nonlinear response is

described by a susceptibility tensor with only 3 non-vanishing tensor elements, all of which are equal: ch%;)z =

Xgi)w = Xézz)y. In order to determine the far-infrared polarization at frequency 2 of the InAs lattice that results

from an optical field at frequency w we compute:

PUL(Q) = xP(Q, ~w,w) : Egpi(~w)Egpe (W) 2)

As the polarization depends on the orientation of E,,:(w) with respect to the crystal axes, it is useful to
transform the coordinate system to the beam coordinate system. Defining the (8, k, %) coordinate system,?® such
that the § axis is in the surface of the crystal and parallel to an input s-polarized pump beam, Z is normal to
the crystal surface and & = 2 x §, we can define a rotation matrix from crystallographic coordinates to the beam
coordinate system for each of the crystal faces, R**!: (111), (110) and (100) studied in the present report. For

the bulk contribution to the radiated field, we are interested in the dependence of the THz field amplitude under
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Table 1. THz field strengths for different polarization combinations expected for bulk optical rectification from zincblende
crystals with 43m symmetry in reflection geometry. Combinations are listed as Ein out-

Radiated field strengths for different polarization combinations

(111) crystal face

By 1" = G2 ApLeypQdiaty B [(2Fs 7 — Fyf2 +2F fofe) — (V2E.f2) cos(3¢)]
Eprz = \/;ASLEfodl4tf’fCZEZSin(3¢)

ETH: = LA, L.;fQdy B2 [F, — V2F.cos(39)]

$,P

BTN = =\ [24,Les 10082 B2sin(30)
(100) crystal face

ETH: = A L., de14t2E2 [2F.fsfe — Fis f2] cos(2¢)

Eg% = —4A Lefod14t: E2 fsfesin(26)
E %;; = Ay Loy Qs Fyts B cos(26)
ES S s = 0

(110) crystal face

ETHz = A L.;sQdi4t2E2 [(2F, fofe — Fof2) sin() + (3F.f2) cos?(¢)sin(g)]
Eltz — 4 LeffﬂdmtzEz (12 (cos(¢) + 3cos(3¢)) — ficos(d)]
ETH: — A L, Qdyat? E2F, (sin(¢) — 3sin(39))

T%’ = 3A3L6ffﬂd14t§E§COS(¢)sin2(gi))

crystal rotation. We define another rotation matrix, R"!(¢), that defines the angle of rotation of the crystal
about it’s surface normal. For the (111) crystal face, ¢ is defined as the angle between the & axis and the crystal
[211] axis. For the (110) face, ¢ is defined as the angle between the # axis and the crystal [110] axis. For the
(100) crystal face, ¢ is defined as the angle between # and the crystal [011] axis. From this, we can compute
the susceptibility tensor in the beam coordinate system as a function of ¢ by applying the tensor transformation
properties of a third rank tensor, and using the total transformation R!°¢ = Rt g*tal.

ik =Y (R RERIE G, 3)

lmn

Using the susceptibility from Eq. 3 in Eq. 2, the independent lattice polarizations can be found. In
turn, the s-polarized and p-polarized radiation resulting from the lattice polarization is readily obtained. The
results are tabulated for the different polarization combinations, listed as Ejy, out, in Table 1. The coefficients
fsy fertsytp, As, Ay, Fy, and F, given in Table 1 are as defined by Hiibner et. al.?! They depend on the angle of
incidence and the linear optical properties of the material. L.;y and di4 represent the effective coherence length
and the only non-vanishing second order tensor element respectively. The important points here are summarized
as follows:

e Dependence on crystallographic orientation: Angularly independent and angularly dependent contributions
to s- and p-polarized THz emission

e Dependence on polarization: Both s- and p- polarized THz emission depend on pump polarization

e Output polarization: Both s- and p-polarized fields will be radiated
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Table 2. THz field strengths for different polarization combinations expected for surface optical rectification. Combina-
tions are listed as Eipn out-

Radiated field strengths for different polarization combinations

(111) crystal face
Eég = ApiQE} [e(M031 Fo f2 = 2015 fsFefe + e(Q) 033 Fs f7 — (011 F. f2) cos(39)]
E?jzfz = AiOE? [Fy031€() + (011 F,) cos(3¢)]
HZ = _AsiQESZCSHSZ'n(?)(ﬁ)
(100) crystal face

BTz = ALIQE? [e(Q)051Fy f2 — 2015 foF. fe + €(Q) 053 F, f?]

Bl _
E?HZ = A iQE?F,631€(Q)

P 2

(110) crystal face
EFH* = A,i0E? [(Le ) (s = b02) Fof = (Bus + 20 foFef + (DossF f)]
+ApiQE2 [( ) (031 = 032) Fi f2 — (015 — 024) fs Fefe) cos(2¢)]
Eéfh = AQE? (015 — 624)fsfcsm(2¢)
Egﬁz = AszE2 [3€(2) (051 + d52) Fs — 5€(Q) (31 — 0s2) Fycos(2¢)]
H: — ()

2.3. Surface optical rectification

In the early 60’s it was shown that nonlinear wave mixing can be generated at an interface.??2®  Since this

time, second-harmonic generation has been investigated as a surface-specific measurement technique.?* As the
bulk contribution typically dominates the second-harmonic signal in materials that lack inversion symmetry, this
method has traditionally been used to investigate materials with inversion symmetry.?*

Second-harmonic generation and optical rectification are essentially the same process, one occurring at the
sum frequency, the other at the difference frequency of excitation. As such, the functional dependence of the
emission on symmetry of the underlying medium is the same. Sipe and van Driel?® have generated a phenomeno-
logical model for the surface contribution to second-harmonic generation. The expected results for the various
InAs crystal faces and polarization combinations are listed in Table 2. The coefficients fs, fe,ts,tp, As, Ap, Fs,
and F, given in Table 2 are as defined by Sipe and van Driel.2° They depend on the angle of incidence and
the linear optical properties of the material. The constants d; ; represent the phenomenological surface tensor
elements, (2, in our case, is the far-infrared radiation frequency and €(Q2) is the far-infrared dielectric function,
in our case, for InAs.

The results from Table 2 can be summarized as follows:

e Dependence on crystallographic orientation: Angularly independent and angularly dependent contributions
to s- and p-polarized THz emission

e Dependence on polarization: Both s- and p- polarized THz emission depend on pump polarization

e Output polarization: Both s- and p-polarized fields will be radiated
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Figure 1. Schematic diagram of the THz system used in the experiments. FM is a flip mirror, pol is a polarizer, BS is
a wedged beam splitter, PM are parabolic mirrors, QWP and HWP are quarter and half-wave plates respectively, WP is
a Wollaston prism, L1 and L2 are +50 and -15cm focal length lenses. The InAs samples are either (100), (110) or (111)
oriented, nominally undoped, n-InAs samples.

3. EXPERIMENTAL SET-UP

The experimental set-up is shown in Fig. 1. A regeneratively amplified Ti:Sapphire laser system (Spectra
Physics Hurricane) is used as a source, operating at a center wavelength of 800 nm, at 1 kHz repetition rate,
and a pulse-width of 130 fs (Gaussian FWHM). The beam is split into pump (92%) and probe (4%) beams
using a wedged window. The probe is delayed with respect to the pump using an optical delay line, allowing
time-resolved mapping of the THz field. A variable attenuator (A\/2 plate and polarizer) is used in the pump
beam to vary the fluence. The THz radiation from the emitter is collected and imaged onto the detector using 4
F/2 parabolic mirrors in an {-2f-f geometry. The four parabolic mirrors are employed to attain an intermediate
focal plane for testing samples, which is not used for the present study. To detect the THz radiation, the
probe is co-linearly propagated through a 1lmm thick, (110) ZnTe electro-optic crystal, with the THz field. This
induces a polarization modulation, which is analyzed using a polarization bridge (A/4 plate and Wollaston prism),
with the differential photodiode signal detected using a lock-in amplifier at the optical chopping frequency of
approximately 330Hz. The orientation of the [001] axis of the ZnTe crystal is chosen to maximize the electro-
optic signal for either the s- or p-polarized radiated THz field.?> The (100) InAs emitter is nominally undoped,
n-type InAs sample (n. = 1.9 x 108em =2, puy = 2.5 x 10*em?V ~1s~!) which is illuminated at 45 degrees angle
of incidence. The (111) and (110) samples are also nominally undoped, n-type InAs (n. = 1.9 x 10*®¢m =3 and
g = 22000cm?V —1s~! for the (110) crystal and n, = 3.2 x 10'%¢m =2 and py = 18434cm?V —1s~1 for the (111)
crystal). The pump beam is telescoped to a 1/e? intensity beam diameter of 2.85 & 0.05 mm for both emitters
using a pair of lenses as shown in Fig. 1.

4. RESULTS
4.1. InAs (100)

In a previous report,!® it was shown that the THz emission from (100) InAs at high excitation fluence is
dominated by the contribution from the surface nonlinear response. This will be briefly reviewed here, such that
the THz emission from the (110) and (111) face can be understood. The THz emission from n-InAs (100) was
examined as a function of the azimuthal angle, ¢, defined as the angle the projection of the linearly p-polarized
pump beam in the (100) plane makes with the [011] crystal axis. The results are presented in Fig. 2.
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Figure 2. Peak detected THz field radiated from n-InAs (100) as a function of the azimuthal angle ¢, defined as the
angle the projection of the linearly p-polarized pump beam in the (100) plane makes with the [011] crystal axis. The data
is taken at an incident fluence of approximately 2m.J/cm?. P- (squares) and s-polarized (triangles) peak THz fields are
plotted.

For the (100) crystal face, excited at an angle of incidence of 45°, we observe a large angularly independent
contribution to the p-polarized THz emission, with a small azimuthal dependence modulating this angularly
independent contribution. In addition, there is virtually no s-polarized THz emission. The small contribution to
the s-polarized THz emission amounts to approximately 1% in power relative to the p-polarized THz emission.

The two-fold rotational signal that modulates the large angularly independent contribution shown in Fig. 2
has the appropriate crystallographic dependence to suggest it is a result of bulk optical rectification. However,
the peak-to-peak modulation is only about 20% of the angularly independent contribution, which suggests that
the main emission mechanism is not bulk optical rectification.!®

As the THz emission from photo-carrier related effects should not exhibit a strong dependence on the linear
polarization of the pump beam (see section 2.1), the dependence of the THz emission from n-InAs(100) on pump-
beam polarization was examined. In this case, the angle of the linear polarization was varied, while monitoring
the radiated s- and p-polarized peak THz emission. The angle, 6 is defined as the angle the linearly polarized
pump beam makes with the p-polarized axis. That is, § = 0 corresponds to a linearly p-polarized pump beam,
while # = 90° corresponds to a linearly s-polarized pump beam. The results are presented in Fig. 3. As discussed
in section 2.1, it is not expected that photo-carrier effects will be substantially affected by polarization of the
pump beam, aside from Fresnel effects. In fact, it can be shown that Fresnel coupling effects alone cannot account
for the modulation observed in the p-polarized THz emission from (100) InAs presented in Fig. 3.}> In addition,
photo-carrier effects are not expected to produce s-polarized THz emission for the present geometry, under pump
polarization rotation (see sec. 2.1). Therefore, the results in Fig. 3 suggest that photo-carrier effects do not
dominate the emission.

The results tabulated in Table 2 are sufficient to explain the main features of the experimental results in
Figures 3 and 2. For the (100) crystal face, the main observations that have to be explained for any mechanism
responsible for the emission are: (i) An angularly independent p-polarized THz signal and no s-polarized THz
signal under crystal rotation (c.f. Fig. 2), (ii) a large p- and s- polarized THz signal under linear pump
polarization rotation (c.f. Fig. 3) and (iii) a 45° phase shift in the signals for s- and p- polarized THz radiation
under pump polarization angle rotation (c.f. Fig. 3).

First, the large angularly independent contribution to the radiated THz field under crystal rotation for the
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Figure 3. Peak detected THz fields as a function of the linear polarization angle 6, defined as the angle between the linear
polarized pump beam and a p-polarized pump beam. S- (triangles) and p-polarized (squares) THz emission is measured
at an incident flux of approximately 1.7m.J/cm?.

p-polarized THz field observed in Fig. 2 is simply explained as E## o (Eg“mp)2, and the negligible s-polarized
THz signal explained as E] #* oc Epvm? EPvmP = () from Table 2, explaining the observation (i) above.

Secondly, the large pump-polarization dependent contributions to the radiated field are simply described as
ETHZ o ¢ (Brump)? 4 ¢ (E{,’“mp)2 = c3 + cac05(20) and ETH7 oc ¢ EPY™P EPY™P = ¢y5in(26), where 6 is the
angle the linearly polarized pump beam makes with a p-polarized pump beam. This also explains exactly the
observed 45° relative phase shift in the data sets of Fig. 3. Therefore this also explains observations (ii) and (iii)
above.

Therefore the conclusion is that surface nonlinear optical response of the (100) InAs is the dominant emission
mechanism at high driving fields. The emission from (110) and (111) orientations are examined next to see if
they show similar behaviour.

4.2. InAs (110)

The THz emission from n-InAs (110) was examined as a function of the azimuthal angle, ¢, defined as the angle
the projection of the linearly p-polarized pump beam in the (110) plane makes with the [110] crystal axis. The
results are presented in Fig. 4.

The following important observations can be made with respect to Fig. 4. The expected behavior for bulk
optical rectification is qualitatively violated. That is, from Table 1, there should be no angularly independent
contribution to the p-polarized THz field, and the functional dependence on the angle ¢ is incorrect. Again,
the angularly independent term might be interpreted as being due to photo-carrier effects, however, the crys-
tallographic orientation dependence is not what should be expected for photo-induced carrier emission or bulk
optical rectification.

Comparing the expectation from bulk (Table 1) and surface (Table 2) optical rectification, we see that there is
a qualitative difference in the expected behavior. Specifically, there is a large angularly independent contribution
in the p-polarized THz emission from the surface, which cannot result from the bulk nonlinear term (see Table 1).
In addition to this, the bulk nonlinear term is expected to be of the form: EI'#* o ¢;sin(¢) + cacos® (¢)sin(e),
where the angle ¢ is measured with respect to the [110] crystal axis. Contrast this to the expected form for
surface nonlinear optical response (see Table 2): EEHZ x ¢1 + cac05(2¢), where the angle ¢ is also measured with
respect to the crystal [110] axis. Clearly, the sin(¢) dependence is incorrect qualitatively. The solid curve in Fig.
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Figure 4. Peak detected THz field radiated from n-InAs (110) as a function of the azimuthal angle ¢, defined as the
angle the projection of the linearly p-polarized pump beam in the (110) plane makes with the [110] crystal axis. The data
is taken at an incident fluence of approximately 1 mJ/cm?. P- (squares) and s-polarized (triangles) peak THz fields are
plotted.
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Figure 5. Peak detected s-polarized THz field radiated from n-InAs (110) as a function of the azimuthal angle ¢, defined
as the angle the projection of the linearly p-polarized pump beam in the (110) plane makes with the [110] crystal axis.
The data is taken at an incident fluence of approximately 1 mJ/cm?®. See text for explanations of solid, dashed and dotted
lines.

4 is a fit to the data using the expected behavior for surface optical rectification (i.e. EpT,{iZected = ¢1 + c2c08(29)
). Note that the curve fits the data reasonably well, but that there is an observable discrepancy. This discrepancy
is explained by the fact that we expect a contribution to the radiated field due to bulk optical rectification on the
order of 20%, as observed for the (100) crystal face (c.f. small modulation on angularly independent contribution
in Fig. 2). The addition of the bulk term will skew the measured signals as the functional dependence is different
for the two processes.
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Figure 6. Peak detected THz field radiated from n-InAs (111) as a function of the azimuthal angle ¢, defined as the
angle the projection of the linearly p-polarized pump beam in the (111) plane makes with the [211] crystal axis. The
data is taken at an incident fluence of approximately 1 mJ/ecm?. P- (squares) and s-polarized (triangles) peak THz fields
are plotted. The solid curves are fits to the data based on the theoretical prediction for either surface or bulk optical
rectification from Tables 2 or 1, respectively.

If the s-polarized THz emission is considered (see Fig. 4), again we find a qualitative difference between
the expected bulk and surface contributions. Here, we expect the bulk contribution to be of the form (see
Table 1): ETH* o ¢;c08(¢p) + c2cos(3¢), where the angle is again measured relative to the [110] axis. Contrast
this with the expected behavior from the surface nonlinear contribution, expected to have the form (see Table
2): ETH= o ¢;sin(2¢), where the angle ¢ is defined as before. Clearly, the measured behavior is not what is
expected for bulk optical rectification. The solid curve fitting the s-polarized THz data of Fig. 4 is of the form:

giiecte 4 = ¢151n(2¢), which describes the data quite well. Again, the deviation from the fit can be described
as the smaller contribution from the bulk process.

To demonstrate explicitly that the deviation of the data from the expected curves in Fig. 4 may result from a
smaller contribution due to bulk optical rectification, consider Fig. 5 for the s-polarized THz data only. The solid
curve is what might be expected from bulk optical rectification: ngé;ected = c1c05(¢P) + cacos(3¢), whereas the
long dashed curve represents what might be expected for surface optical rectification: E} [l ., = c1sin(2¢).
If we take the sum of the solid curve and the dashed curve, we obtain the dotted curve in Fig. 5. From this,
it is evident that a contribution from bulk optical rectification may lead to the distortion in the data from the
expected behavior for surface optical rectification. Similar results are obtained for the p-polarized THz emission.
The observation that there is a contribution to the radiated field from bulk optical rectification is consistent with
the small contribution from bulk optical rectification in Fig. 2, for the (100) crystal face.

4.3. InAs (111)

Using the experimental set-up shown in Fig. 1, the Terahertz emission was examined as a function of the
azimuthal angle, ¢, defined as the angle the projection of the linearly p-polarized pump beam, in the (111)
plane, makes with the [211] crystal axis. The measured results are presented in Fig. 6 for an excitation fluence
of approximately 1 m.J/em? .

From the angular dependence shown in Fig. 6, it is clear that there is a large contribution to the radiated
THz field from optical rectification processes. The solid curves in Fig. 6 are fits to the data of the form:
EpT7 gj’ = ¢1 + cacos(p) and Egﬁf = ¢ysin(¢p) for the p- and s-polarized THz emission respectively, obtained
from either Table 1 or Table 2, which have the same dependence on the angle ¢. For the (111) orientation, the
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angular dependence for bulk optical rectification and for surface optical rectification is the same. Therefore, the
Terahertz emission from n-InAs would be consistent with emission resulting from bulk optical rectification as
reported elsewhere for n-InAs and InSb at high excitation fluence.?%2” However, the experiments done here
cannot distinguish between surface and bulk optical rectification for the (111) InAs face. Since the emission from
the (100) and (110) InAs crystal faces is dominated by surface optical rectification, and that the peak radiated
fields are comparable from all three crystal faces, it seems likely that the dominant emission from the (111) InAs
crystal face is also a result of surface optical rectification.

5. CONCLUSION
24,28

Previously, it has been difficult to separate the bulk and surface contributions to second-harmonic generation*
and therefore investigations have primarily focussed on centrosymmetric media.?* In the present report, it
has been demonstrated that the surface nonlinear optical response of the material can be monitored through
the detection of the fields generated by optical rectification. Specifically, at high fluences, the THz emission is
dominated by the surface nonlinear optical response in InAs, which is a non-centrosymmetric material. Therefore
the use of Terahertz emission from InAs surfaces may be a useful surface-specific technique for studying InAs
interfaces.

In this report, results of Terahertz emission from n-InAs (111), (110) and (100) crystal faces were examined.
The influence of crystallographic orientation and pump-polarization dependence were presented. Based on these
dependencies, it was clear that the Terahertz emission could not be attributed to photo-carrier effects or the
bulk nonlinear optical response of the InAs for the (110) and (100) crystal faces. The emission patterns were
shown to match that expected from surface optical rectification. Further, the expected behavior from the (111)
surface is also consistent with surface optical rectification as the dominant emission mechanism.
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