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We report short wavelength second-harmonic generat®HG) spectroscopy of asymmetric
coupled I Ga, As/AIAs quantum wells(QWs). The QW is designed to show maximum
second-order nonlinear susceptibili?’ for SHG of 4 and 2um wavelengths by single and double
resonance effects, respectively. SHG spectroscopy across the midinfrared is measured using both a
CO, and a free electron laser as pumps. Tfe of the QW is extracted from interference of the
second-harmonic fields from the QW and GaAs substrate, determined by the azimuthal dependence
of the SHG power. We measugé? of the QW for harmonic wavelengths between 5.36 and 1.85

pm. This is the shortest wavelength SHG to date by any QW intersubband interaction. Good
agreement of experiment with theory for the dispersion'8ffor both singly and doubly resonant
conversion is observed throughout the midinfrared.1894 American Institute of Physics.

Near-infrared nonlinear interactions in the 1.55uth  absorption spectrum for the sample showed resonances at 4.1
wavelength range have recently been a subject of interest fand 2.1um for the 1-2 and 1-3 transitions, respectively. A
frequency conversion and electro-optic switching. Intersubdipole momentz,;=4.2 A, effective dopingoes=3.0x10"
band transitions in quantum well®Ws) present strong non- cm 2, and half-width at half-maximum linewidths, assuming
linear susceptibilities, but these transitions have been limitetlorentzian line shape$;;,=41 meV andl’;3=67 meV were
until recently to the far and midinfrardd? Recent extracted from the measured intersubband absorption spec-
publications™’ have shown that short wavelength intersub-trum by assuming a dipole momeng,=9.7 A from theory.
band transitions in InGaAs/AlGaAs QWs can be achievedThe dipole momentg,,—z;,=21.1 A, z33—2,,=1.57 A,
where room-temperature diode lasers are avaifile.have  andz,;=11 A were calculated from theofyith these theo-
previously reported intersubband absorption, secondeetical and experimental parameters, §é of the QW was
harmonic generatioiSHG), and difference frequency gen- calculated using a perturbative model by treating the QW as
eration near 2um in InGaAs/AlAs QWs grown on @ three-level system assuming Lorentzian line shabBsth
GaAs”%|n this letter, detailed spectroscopy of the qua-resonant and nonresonant terms were included. The domi-
dratic nonlinear optical susceptibilify® of an InGaAs/AlAs ~ Nant term for double resonance was proportional to
coupled QW obtained by measuring SHG across the midinZ12Z23Z13, While the dominant term for single resonance was
frared is described. The experimental QY spectrum is Proportional to(z;1—2,)(215) 2 This calculatedy® magni-
explained by a perturbative model. While describing #fé tude |s2 shown in Fig. 3. The double resonance pe_ak of the
for SHG, this model will be useful for predicting thé? for QW X_( ' was at a harmonic wavelength of 2.28n with a
any interaction involving light in the characterized wave- Magnitude of 12 nm/V, and the single resonance peak was at
length rangé For example, the'? for difference frequency ~4-1#m with a magnitude of 20 nm/V.

. (2) .
generation from near infrared to midinfrared can be predicted 10 characterize the™ of this QW sample, SHG mea-
with accuracy if they® dispersion for SHG from midinfra- Surements were performed using a free electron Id=et)
red to near infrared is knowi?. tuned to wavelengths between 3.71 and 646, and a

The asymmetric coupled §aGa, AS/AlAs intersubband Q-switched CQ laser was u.sed for wavelengths be;tweep
QW structure used for this study was resonant at 4 apth?2 9.51_a_nd 10'_72‘"1' The exzperlmental Setup was descrlb_ed n
and was described in detail in a previous lettdhis QW detail in previous papefs.“The QW sample was placed in a

- . rotation stage which allowed rotation in angfeabout the
was optimized for doubly resonant SHG ofw2n light and .
singly resonant SHG of 4m light. A single band effective sample normal001], where¢ is the angle between 00

: S axis and the intersection of the plane of incidence with the
mass model with nonparabolicity included was used to cal-

: . surface of the wafer. The pump beam was then incident on
culate the QW subband energies and dipole morrefits the sample at an angk=45°. TM polarization was selected

for both the input and collection side.
dPresent address: Institute for Micro- and Optoelectronics, Ecole Polytech-  Since the QWs are grown on a GaAs substrate, the mea-
nique Federale de Lausanne, Department of Physics, CH-1015 Lausanr1§ured SHG signal from the sample is a coherent superposi-

Switzerland. . . .
bpresent address: Sandia National Laboratories, Semiconductor Materiahion of the s_econd-harmom(SI;D fields from_the QW and
Division (1313, Albuquerque, NM 87185-5800. bulk. Assuming the same bul? from the epilayer as from
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the GaAs substrate, the normalized SHG signal is givén by

a) A = 3.84um
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whereP , and P, are the fundamental and harmonic pow- & . : s . :
ers, I yow is the thickness of the QW epilaydy, is the co- g oor ] [ Y

herence length in bulk GaAs, and B the phase mismatch 5 Hk& ;"I ‘i\‘f \\1‘; y
between the pump and SH field&. and B are geometry-

dependent factors. Since the tensor elements of the suscepti-
bilities from the bulk,xZhas, and the QWyx&y, are different, b) A = 3.85um
sample rotation and polarization selection can be used to

0.00 : . L

=z 0.08
extract the complex&y. x&has, as calculated from Miller's
rule, is weakly dispersive and real with a value of 0.18 nm/V. 5 s
over the measured wavelength rafj&€he dependence ap &
of the bulk SH field arises fromx{yz) tensor elements. The % 0.03
x&v, however, is aZz3 tensor element, so that the SH field
from the QW is independent ab. As a result, the overall 0.00 , ! I 1
SHG power follows dcog2¢)+q* |2 dependence, wheg
is a complex constant that is determined by 89 The X(Z) ¢ A = 3.86um
is then determined relative to the buj,as by fitting the z ok s I
measured SHG power versus angl€ ¢ scan with a free 5 ok P
fitting parameteig* %12 5 oowl o FAERY
The SH field from the bulk is governed by the phase < N - N 3
mismatch between the pump and SH fields, ®#here % 0.05 _ Y 4;:;:’% H °\ ;‘*ﬁl«
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L is the total thickness of the samplé,; is the refracted
angle inside the sample, andis the optical thickness in
coherence lengths. Note that the coherence length varigss 1. sHG power vs azimuthal angté of the sample at pump wave-
from ~22 to ~106 um for pump wavelengths from 3.71 to lengths of 3.84um (top), 3.85m (middle), and 3.86um (botton) showing
10.72um, respectively. Since the measured sample thicknessnull in the GaAs contribution at 3.8am.
(L=401*=1 um) is several coherence lengths lorigyaries
rapidly with \. If ¢ is known with sufficient accuracy, the tively. Identifying these nulls as=8, 7, and 3, respectively,
X8\>/v can be extracted from the parametgr. The coherence Eq. (2) yields an effective sample thickness of
length can be calculated from published values of the refraq—_eff 377.2+0.5 um. The discrepancy with the actual sample
tive indices!* However, the uncertainty in the published in- thicknesd. =401+1 um is presumably due to the inaccuracy
dices results in insufficiently accurate values{of of the published refractive indices in the 2—%@n wave-

To reduce this uncertainty ig, we looked for wave- |ength range, which were measured at 105 fEquation(2)
lengths at which the bulk contribution to SHG power van-
ished. At these wavelengths, the optical path length in the
sample was exactly an even integer multiple of the coherence Pump Wavelength (um)
lengths so that s{4)=0. One such zero crossing is shown in 1110 9

0

Fig. 1. Thesep scans were taken with the sample oriented at 1.
6=45° and with FEL pump wavelength of 3.84, 3.85, and 3772”"1 A /\ /\ ﬂ

3.86 um. The 3.84um scan had larger peaks at 180° and 05 / \ / \ / \ 1

360° while the 3.86um scan had larger peaks at 90° and
270°. That is, thep scans at 3.84 and 3.§an had opposite 0.0
asymmetry. This change in asymmetry was due to a sign / \ / \ l ‘ ,

reversal of the bulk contribution to the SHG power, which is 05 ‘

proportional to sifY), when the wavelength was changed N \/ \/ V

sin (©)

from 3.84 to 3.86um. Thus, at a 3.8.um wavelength, the
optical path length through the sample was exactly an even 100
number of coherence lengths long so tNatvas an integer. Pump Photon Energy (meV)

Similar nulls in the GaAs contribution were observed at 4.04

and 5.72um and are plotted in Fig. 2. From thecalculated FIG. 2. Calculated bulk contribution €ify curve vs pump photon energy

from Sellmeier refractive index datd, Eq. (2) yielded and wavelength for an effective sample thickness of 32 Measured
v=8.10, 7.07, and 3.15 at 3.85, 4.04, and 5uff, respec- nulls shown as squares.
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QW x® was measured relative to the bulk GaAs substrate
contribution. The substrate contribution was accurately deter-

100 >0 4035 30 25 22 20 18 mined by measuring the wavelengths at which this contribu-

Second Harmonic Wavelength (um)

' T tion was null. Ax® as large as 16 nm/V, 90 times that of

GaAs, was measured for SHG of 2/4m light. Even at
wavelengths as short as 1.86n, well detuned from the
double resonance, the¢? was still more than 10 times that

of GaAs. A perturbative model, with parameters measured by
absorption spectroscopy, was found to accurately describe
the QW x® throughout the infrared for SHG and should be
useful for predicting the quadratic nonlinear susceptibility

K® (m/V)

GaAs for any interactions involving light in the characterized in-
0.1 ! ! ! ! frared rangg10.72—1.85um).
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