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We demonstrate intersubband absorption and second harmonic generation (SHG) in asymmetric
coupled Ing ¢Gay 4As/AlAs n-type quantum wells (QWs) grown on a GaAs substrate. Intersubband
absorption at 4.1 and 2.1 um wavelengths, corresponding to the 1 to 2 and 1 to 3 transitions,
respectively, are observed. SHG of 2.0 um light is demonstrated in this doubly resonant QW. This
is the shortest wavelength SHG to date in any n-type QW system. The second order nonlinear
susceptibility x¥? is measured using a free electron laser by interference of the second harmonic
fields from the QW and substrate. At a pump wavelength of 4.0 um, a large asymmetry in the SHG
power with rotation angle of the sample arising from SHG from the QW is observed, and a ¥ of
magnitude 20=8 nm/V, approximately 100 times that of bulk GaAs, and phase 63°+34° relative to
the GaAs substrate is measured. Comparison of both the linear and nonlinear properties to a simple

model is discussed.

Quantum wells (QWs) have been demonstrated to have
extremely large nonlinear susceptibilities arising from inter-
subband transitions.!™* These large nonlinear susceptibilities
may result in efficient nonlinear optical frequency conver-
sion and electro-optic switching devices.” These intersub-
band transitions are typically limited to the far and mid-
infrared, but recent advances in strained QW materials have
allowed intersubband transition energies in n-type QWs to
reach the technologically important 2 um wavelength,®’
where compact InGaAsP and GaSb diode laser sources® as
well as diode pumped Tm:Ho:YAG lasers are available.
However, the nonlinear optical properties from these short
wavelength intersubband transitions have only begun to be
investigated.” In this work, we report both intersubband ab-
sorption and second harmonic generation (SHG) of 2 um
light in asymmetric coupled InGaAs/AlAs QWs.

The asymmetric coupled QW structure used for these
studies was designed to be doubly resonant for efficient
SHG. The QW subband eigenstates were modeled with a
single band effective mass model with nonparabolicity in-
cluded using an energy-dependent effective mass as de-
scribed previously.” Band bending was not taken into ac-
count. The coupled QW consisted of two heavily doped
(sheet charge density of 3.0X10' cm™2 per coupled QW)
Ing¢Gag;As wells of 31.1 and 12.7 A thicknesses separated
by a 5.65 A AlAs intermediate barrier. One monolayer of
GaAs was added to either end of the double well to smooth
the interfaces between the AlAs barrier and InGaAs wells.*
The band diagram of the coupled quantum well with calcu-
lated subband energies and wave functions is shown in Fig.
1. The calculated intersubband transition energies and dipole
moments are E{,=297 meV, E3=523 meV, z,,=9.7 A,
213=—6.0 A, z5,—2,;=21.1 A, and 2,;=11.0 A. 200 peri-
ods of the coupled QWs separated by 100 A AlAs barriers
were grown on a (100) semi-insulating GaAs substrate by
molecular beam epitaxy (MBE) in a Varian Gen II system. A
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linearly graded InGaAs buffer with a final indium composi-
tion of 30% was used to provide strain compensation in the
QWs.!12 The sample was grown at a substrate temperature
of 375 °C with As,. Details of the growth studies used to
optimize the growth conditions for IngsGaysAs/AlGaAs
QWs are given elsewhere.'”

The intersubband absorption of the sample was mea-
sured using a Fourier transform infrared (FTIR) spectrometer
with the sample mounted at Brewster’s angle to the TM po-
larized light. The absorption spectrum of the sample is
shown in Fig. 2. Absorption peaks at E;,=300 meV (4.1
pm) and E;;=580 meV (2.1 um) are observed. To our
knowledge, this is the largest E5 reported to date. These
measured intersubband energies are within 10% of the theo-
retically predicted values. Lorentzian lineshapes fit to the
absorption peaks yield half-width at half-maximum
(HWHM) linewidths of I';;=41 meV and [';3=67 meV and
integrated absorption fractions (IAFs) of 28.1 and 9.8
mAbs meV/QW for the 1 to 2 and 1 to 3 transitions, respec-
tively. Assuming z,,=9.7 A from theory, the measured IAFs
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FIG. 1. Conduction band diagram of the asymmetric coupled QW with
calculated subband energies and wave functions.
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FIG. 2. Absorption spectrum of the coupled QW showing intersubband
absorption peaks at 4.1 and 2.1 um wavelengths corresponding to the 1 to 2
and 1 to 3 transitions, respectively.

yield an effective doping concentration o.=3.0X 102
cm™YQW and |z,5|=4.2 A.13

The second order nonlinear susceptibility x® of the QW,

2y, can be calculated by treating the QW as a three-level

system. If the ith subband to jth subband transition has a

Lorentzian line shape with dipole moment z;; and HWHM

linewidths of I';;, then near double resonance, X(Z) is given
by14
X(z) 22q3Neﬁ 2 Z1nZnmZm1
WV g o (o—E1;—il) 2h0—E1—ilim)
€Y

where only the ground state subband is assumed to be occu-
pied with a carrier concentration, N.g. This formulation ne-
glects inhomogeneous broadening of the intersubband tran-
sitions as well as local field effects due to charge screening in
the QW layers. Using the intersubband transition parameters
derived from the intersubband absorption measurement,
N g=0gflqw, Where lqy=155.1 A is the QW period, and
assuming 2,211 =21.1 A and z,3=11.0 A from theory, an
estimate for Xg%v is obtained. The calculated magnitude and
phase of ng);v is shown in Fig. 3. The double resonant peak of
the Xg{v is near 4.5 um wavelength with a magnitude of 12
nm/V.

SHG measurements were performed with a free electron
laser (FEL) tuned to a wavelength of 4.0 um. The Stanford
FEL!® generates pulses with pulse lengths of a few picosec-
onds, a peak power of several hundred kilowatts, and a line-
width of approximately 10 nm. The pump beam was focused
onto the sample with a focal spot diameter of 100 wm. The
QW and reference samples were placed in a rotation stage
which allowed varying the incidence angle 6 and rotating in
angle ¢ about the sample normal. Multilayer dielectric filters
were placed both before and after the sample in order to
prevent incident 2.0 um radiation from the FEL from reach-
ing the sample and to block the 4.0 gm pump radiation from
reaching the detector, respectively. The power leakage
through the filters at the blocking wavelengths was deter-
mined to be below the detector noise level. ZnSe polarizers
were used on both the input and collection side to select only
the TM polarization. A PbS detector was used to measure the
SHG signal. In addition, a portion of the FEL pump beam
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FIG. 3. Calculated spectrum of the magnitude (top graph) and phase (bot-
tom graph) of SHG X for the coupled QW.

was focused onto a properly phase matched AgGaSe, crystal
and detected with an InSb detector for use as a reference
SHG signal. The measured SHG power was then normalized
to fluctuations in the pump power by dividing by the refer-
ence SHG signal.

2 was measured by mixing the second harmonic (SH)
from the QW with the SH from the GaAs substrate.* Since
the symmetry of X(Z) in bulk GaAs is different than that in
QWs, polarization selection can be used to extract ;@V . The
ng)v tensor has a nonzero (zzz) element, and the Xgm tensor
has a nonzero (xyz) element. If only the TM polarization is
selected, the SHG conversion at frequency w from the QW
sample is given by’

IZm 2) "TIMQW SiIlz Hi.nt 2) 2

o« s 2 i t{+“"‘“‘=_ﬁ“_
73: XGaas €O ¢ sin ge 6lc cos> 0int Xow

2

)

where I,,, and I, are the SH and pump intensities, ¢ is the
angle between the projection of the pump beam onto the
sample and the (110) direction of the sample, @ is the inci-
dence angle (angle between the sample normal and the pump
beam) with internal angle 6., lyow is the totfal thickness of
the MQW layers,

~7T L ;3
£=2 I, cos By ®)

is half the phase mismatch between the pump and SH fields,
L is the total thickness of the combined MQW and substrate,
and

e

)

lczzw(nZa)_nw)
is the coherence length in GaAs. For our sample, [yqw=3.1
pm and L=401 pm. Then, if /, is known with sufficient
accuracy, X(QZ%V can be extracted by measuring the SHG con-
version efficiency versus angle ¢ and fitting to Eq. (2).
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FIG. 4. Measured (hollow circles) and theoretically fitted (solid lines) nor-
malized SHG power vs rotation angle ¢ for the proton bombarded reference
(top graph) and QW sample (bottom graph) at a pump wavelength of 4.0

pm.

The value of I, can be obtained via Eq. (4) by using
published values of the refractive index of GaAs.'® However,
an accuracy of 107> for the indices of refraction yields an
accuracy of only *10% on [,. By using a wedge
technique,'*'” we determined that the coherence length I, is
44.7+2.1 pm and 52.7+1.8 um at 4.8 and 5.19 um wave-
lengths, respectively. The values of I, calculated from the
refractive index data lie within the error bars of these directly
measured values. Thus, we have confidence in assuming that
1.=28.86 um to an accuracy of 4% at 4.0 um as calculated
from the refractive index data.

‘We measured the normalized SHG power versus angle ¢
for both the QW sample and a proton bombarded QW
sample for reference (proton bombardment causes trappmg
of the conduction band electrons so that X&w is zero®). These
¢ scans were taken at 8=45° and are shown in Fig. 4. The
proton bombardment reference has even peaks of 0°, 90°,
180°, and 270° arising, respectively, from alignment of the
incident polarization to the (110), (110), (110), and (110)
crystal directions of the GaAs. As also shown in Fig. 4(a),
this reference ¢ scan fits a cos’(2¢) dependence. The QW
sample, on the other hand, has a large asymmetry in the ¢
scan with stronger 0° and 180° peaks than 90° and 270°
peaks. This large asymmetry is due to addition of the
¢-independent QW SH field to the ¢-dependent substrate SH
field, so that the resulting intensity follows a
(cos 2<;S+constant)2 dependence as given in Eq. (2) By fit-
ting the QW ¢ scan to Eq. (2) with a complex ﬁttmg
parameter, while allowing for variations of +4% in I, and
*5% of the maximum signal as an offset of the signal due to
uncertainty in the baseline of the SHG signal, X(QW of mag-

nitude 20*8 nm/V and phase 63°+34° was determined. This
measured x| is approximately 100 times the value of
2as (Ref. 18) and is larger than the theoretical peak of 12
nm/V. Further reductions in the uncertainty in /. and SHG
signal baseline would significantly improve the accuracy in
the phase and magnitude. Since the line shapes are not per-
fect Lorentzians, differences between theory and measure-
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ment may arise. Inaccuracies in the measured 1-3 intersub-
band energy and linewidth, local field effects, and
inaccuracies in the theoretical z,3 may also contribute to the
inaccuracy in the theoretical estimate for XQ%V

In conclusion, we have demonstrated intersubband ab-
sorption in asymmetric coupled In,(Gag,4As/AlAs QWs at
4.1 and 2.1 um wavelengths, among the shortest wavelength
intersubband absorption to date. The measured absorption
peak energies are within 10% of the theoretical values. We
have also demonstrated SHG of 2.0 um light using these
QWs. This is the shortest wavelength SHG to date in any
n-type QW system. Using a FEL tuned to 4.0 um wave-
length as the pump source, a X(z) of magnitude 208 nm/V,
approximately 100 times that of bulk GaAs, is measured.
Future SHG measurements at different wavelengths should
help to determine the dispersion of Xg%v so that a more rig-
orous comparison to theory can be made. With these short
wavelength intersubband transitions, InGaAs/AlGaAs QWs
should be useful for nonlinear optical frequency conversion
using diode laser sources near 2 um.
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