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Strong in-plane optical anisotropy of asymmetric (001) quantum wells
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It is well known that asymmetry in the (001) direction can induce in-plane optical anisotropy
(IPOA) in (001) quantum wells (QWs). In this letter, asymmetry is introduced in (001)
GaAs/AlGaAs QWs by inserting 1 ML (monolayer) of InAs or AlAs at interfaces. Strong IPOA,
which is comparable to that in the InGaAs/InP QWs with no common atom, is observed in the
asymmetric GaAs/AlGaAs QW by reflectance difference spectroscopy. © 2006 American Institute

of Physics. [DOI: 10.1063/1.2192150]

Recently the in-plane optical anisotropy (IPOA) in (001)
quantum wells (QWs) has attracted much attention.'™ Un-
like the intrinsic optical anisotropy in the non-(001) quantum
wells,” IPOA in (001) QWs is closely related to the symme-
try reduction at the interfaces."™ As pointed out by Ivchenko
et al.,6 Krebs and Voisin,7 and Tvchenko et al® a perfect
(001) zinc-blende interface has a reduced C,, symmetry due
to the intrinsic anisotropic-chemical-bond arrangement at the
interface, which can give rise to an IPOA between [110] and
[110] directions.®® For a symmetric QW, the anisotropies of
two interfaces cancel each other exactly. However, if the QW
has some asymmetry, which can be introduced by built-in
electric fields, atom segregation, anisotropic interface struc-
tures, different interface chemical bonds, etc., the two inter-
face contributions do not completely compensate each other
and therefore contribute to a net IPOA. Strong IPOA has
been observed for QWs with no common atom (NCA), such
as InGaAs/InP and InAs/AISb systems, where strong asym-
metry is induced by the different chemical bonds across two
interfaces."*”® The degree of polarization (DP) between the
[110] and [110] directions is of the order of 10% for such
NCA QWs. In contrast, common-atom (CA) QWs such as
GaAs/AlGaAs and InGaAs/GaAs, which can be grown with
a more symmetric confinement, in most cases show very
weak IPOA. DP is usually of the order of 1% or less for CA
QWs.* It was reported that interface-related IPOA in
GaAs/AlGaAs and InGaAs/InP QWs was inversely propor-
tional to well width.*’

Since the TPOA of (001) QWs is closely related to the
asymmetry, it is possible to modify it via the control of the
asymmetry of the QWs. The theoretical calculations by Voon
have shown that appropriate introduction of asymmetry in
the (001) GaAs/AlGaAs QWs could induce strong IPOA
comparable to the birefringence of KH2P04.10 In this letter,
we investigate the IPOA of asymmetric (001) GaAs/AlGaAs
QWs, where the asymmetry is introduced via the insertion of
a monolayer of InAs or AlAs at the interfaces of the QWs.
Strong IPOA with DP up to 9% is indeed observed in these
asymmetric QWs.
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Three 5 nm GaAs/Aly35GaggsAs single QW structures
were grown on (001) semi-insulating GaAs at 630 °C by
molecular beam epitaxy. The QW was sandwiched between
two thick Alj35GaggsAs layers of 100 nm, and finally was
capped by GaAs of 30 nm. All epilayers were intentionally
undoped. Sample A has a conventional QW structure, in
which symmetric confinement is expected for carriers. For
sample B, 1 ML (monolayer) InAs is inserted at the inverse
interface of the QW, while for sample C, the inverse and
direct interfaces are inserted by 1 ML InAs and 1 ML AlAs,
respectively. The IPOA of the three samples is characterized
by reflectance difference spectroscopy (RDS), which mea-
sures precisely the relative reflectance difference between the
[110] and [110] directions, i.e., Ar/r=2(rijo—ri10)/(ri1o
+7110). The setup of our RDS is shown in Fig. 1, which is
essentially the same with that of Aspnes et al. ' Note that the
rotating compensator is adopted to compensate the birefrin-
gence in the window of the cryostat. Reflectance is obtained
simultaneously during RDS measurements.

The anisotropic dielectric function of the QW layer
between the [110] and [110] directions, denoted as Ae
=&110—&110- is related to Ar/r through the equation4

ﬂ B 4arwie'?Ae

r Ne,—1) (1)

with the phase shift ¢p=47nt/\. Here n, (&) is the refractive
index (the dielectric function) of the matrix material, ¢ is the
distance of the QW away from the surface, w is the well
width, and A is the wavelength of light in vacuum. From Eq.
(1), Ae is immediately obtained from Ar/r. On the other
hand, the dielectric function of the QW layer (&) can be
obtained from reflectance. Denoting the reflectance of the
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FIG. 1. Schematic drawing of our reflectance difference spectroscopy.
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FIG. 2. (Color online) (a) AR/R spectra (thick curves) of the three samples
obtained from reflectance measurements at 77 K. A¢ spectra (thin curves)
are calculated from AR/R via KKT. (b) The imaginary parts of & (&") for
three QW layers calculated from AR/R and A¢ in (a). The vertical lines
with arrows indicate the energy positions of IHIE (1.596, 1.573, and
1.579 eV for samples A, B, and C) and ILIE (1.621, 1.599, and 1.617 eV
for samples A, B, and C). The length of the lines represents the &” intensity
of the associated transition.

single quantum well (SQW) sample as R and the reflectance
of the similar sample without the SQW layer as R, then
AR/R=(R-R,)/R, is related to & by*

AR { 8Wi€i¢8:|
— =Re — .
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Denote the complex function of photon energy in the brack-
ets of the above equation as F. Clearly the real part of F is
straightly given by AR/R. The imaginary part of F (denoted
by A¢) can be obtained from AR/R via the Kramers-Kronig
transformation (KKT) if one is only interested in a narrow
spectral range corresponding to the fundamental transitions
of QWs. In this case ¢, g,, and N\ can be regarded as con-
stants; therefore the dispersion relation of F is mainly deter-
mined by &, which satisfies the requirements of KKT. From
AR/R and A, it is straight to deduce e.

Figure 2(a) shows AR/R spectra of the three samples
measured at 77 K. The associated A¢ spectra calculated
from AR/R via KKT are also plotted. In the range of
1.55-1.62 eV of each AR/R spectrum, there are two similar
structures originating from the excitonic transitions between
the first subbands of valence and conduction bands (named
as 1HIE and 1L1E). When 1 ML InAs is inserted at one
interface (sample B), the two transitions shift to the lower
energy side due to the perturbation of the InAs layer. In
addition, the intensity of the 1HI1E transition is reduced by a
factor of about 2, while that of 1L1E transition shows almost

J. Appl. Phys. 99, 096102 (2006)

1.0
—~ 05}
0.0}
0.5}
1.0f
1.5}
20}

Arlr (107

AE
=}

03l
0.2
0.1}
0.0[
01}
02f
03]
150 155 160 165 170

A€ (arb.unit)

Photon energy (eV)

FIG. 3. (Color online) (a) RD spectra of three single QW structures mea-
sured at 77 K. (b) Anisotropic dielectric functions (Ae) of three QW layers
obtained from (a) according to Eq. (1). (c) Theoretically calculated &”.

no change. As a result, the ratio of the 1HIE peak intensity
over the 1L1E one deviates apparently from 3. This is attrib-
uted to the shrinkage of the wave function of heavy hole to
the InAs-inserted interface because of its heavier effective
mass. In contrast, the shrinkage is slight for the light hole
and electron. Consequently the overlap integral between the
heavy hole and electron is reduced apparently, while that
between the light hole and electron keeps almost unchanged.
When 1 ML AlAs is further inserted at the other interface
(sample C), the two transitions are pushed to higher energy
side. Adopting &,=12, t=130 nm, and w=5 nm, the dielec-
tric function & of the three QW layers can be calculated from
AR/R and A¢. The imaginary parts (&¢”) are shown in Fig.
2(b). Each &” spectrum consists of two peaks from 1HIE and
IL1E transitions. The transition energies are determined
from the peak positions as shown in Fig. 2(b). The contribu-
tions of 1HIE transition to the dielectric function (¢”) and
1.30, 0.63, and 0.67 for samples A, B, and C, respectively.
Figure 3(a) shows RD spectra of the three samples mea-
sured at 77 K. The peak-to-peak RD intensity of sample A is
about 2X 10™*, while those of samples B and C are 1.6
X 1073 and 1.8 X 1073, respectively. When 1 ML InAs is in-
serted at the inverse interface (sample B), the intensity is
increased to 1.6 X 1073, When 1 ML AlAs is further inserted
at the direct interface (sample C), the intensity is enhanced to
1.8 X 1073, this value is nine times larger than that of sample
A. Again adopting £,=12, t=130 nm, and w=5 nm, the an-
isotropic dielectric function Ag of the three QW layers has
been calculated from RD spectra. Figure 3(b) shows the Ag
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calculated from RD spectra. For samples B and C, clearly the
1HI1E and 1L1E transitions have equal but opposite IPOA.
This is different from the theoretical result for an asymmetric
GaAs/AlGaAs short-period superlattice, where 1HIE and
1L1E transitions have almost equal IPOA with same
polarity.'” From Fig. 3(b) A&” of 1HI1E are 0.018, 0.11, and
0.12 for samples A, B, and C, respectively.

The DP, defined by P=(M1g—M,;0)/(My19+M ) in
literature (M, is the transition probability when light is
polarized along [110] direction), can be obtained from the
comparison of Ag” in Fig. 3(b) and &” in Fig. 1(b), i.e., P
=Ag"/2¢". For 1HIE transition, P are 0.7%, 8.7%, and 9%
for samples A, B, and C, respectively. It is found that the
insertion of 1 ML InAs enhances DP of 1H1E more than one
order.

The weak IPOA of sample A can be attributed to the
residual asymmetry of the QW related to the anisotropic in-
terface structures or the segregation effect.* The strong [POA
for samples B and C comes from the enhanced asymmetry of
the QW induced by the insertion of 1 ML InAs or AlAs at
interfaces. The InAs monolayer can attract holes to the in-
serted inverse interface; therefore the anisotropy of the in-
verse interface can not be canceled by that of the direct in-
terface, leading to a strong IPOA. When 1 ML AlAs is
inserted at the direct interface, the holes are push further into
the InAs-inserted interface, leading to a further increase in
IPOA. Since the holes have already been attracted to the
InAs-inserted interface, the pushing effect of the AlAs mono-
layer is weakened, resulting in only a small increase in
IPOA. The IPOA of QWs can be calculated in the frame of
the envelope function approximation, in which the C,, sym-
metry of interfaces can be taken into account via an interface
potential.*” The calculated Ag” has been shown in Fig. 3(c).
Although the calculated Ae” shows a spectral line shape a
little different from the experimental ones, the change of
IPOA with the insertion of 1 ML InAs or AlAs at interfaces
is well reproduced. Note that the results in Fig. 3(c) are
based on the calculation model in Ref. 4. The insertion of
InAs or AlAs monolayer at interfaces will introduce new
interfaces in addition to AlGaAs/GaAs, which requires more
interface potential parameters in the calculation model. The
details of the calculation are beyond the scope of this paper
and will be given elsewhere.

The observed IPOA in asymmetric GaAs/AlGaAs QW
can be comparable to NCA InGaAs/InP QWs. It was found
that the inequivalent chemical bonds were formed at the di-
rect and inverse interfaces in InGaAs/InP QWs, i.e., rich
GaP bonds at the inverse interface and rich InAs bonds at the
direct interface.”'? The band structure of an InGaAs/InP
QW is therefore similar to that of sample C. Figure 4 shows
Ag” and &” spectra of a 2 nm Ing 53Gag 47As/InP SQW cal-
culated from measured RD and AR/R spectra at RT. Clearly
the Ings53Gag47As/InP SQWs show the same feature with
those of samples B and C, i.e., IHIE and IL1E transitions
have equal but opposite IPOA. For this NCA QW, DP of
1HI1E is about 18%, which is in good agreement with 19%
obtained by polarized photoluminescence.9 This value is two
times larger than that of samples B and C. According to the
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FIG. 4. (Color online) Ag” and &” calculated from the RD and AR/R spectra
of a 2 nm Iny 5,Gag 43As/InP SQW measured at RT.

results of Ref. 9, DP of InGaAs/InP QW is inversely propor-
tional to well width. Therefore the DP of 5 nm InGaAs/InP
QW should be about 7.2% (the experimental value is about
7% in Ref. 9), a little less than that of the 5 nm InAs-inserted
GaAs QW. In spite of the comparable IPOA in the asymmet-
ric GaAs/AlGaAs and InGaAs/InP QWs, it shall be pointed
that the IPOA in asymmetric GaAs/AlGaAs QWs comes
from the asymmetric confinement effect, while IPOA in
InGaAs/InP QWs comes from the different chemical bonds
in the (110) and (110) planes at the two interfaces.

In summary, the strong IPOA was observed for the
asymmetric GaAs/AlGaAs QWs, in which the asymmetry
was introduced by insertion of monolayer of InAs or AlAs at
the interfaces of the QWs. DP of the asymmetric QWSs can be
up to about 9%, comparable to that of NCA InGaAs/InP
QWs. We believe that the insertion of monolayer material at
interfaces provides a convenient way to control IPOA in
(001) QWs.
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