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Zinc-blende semiconductor heterostructures grown in the [001] direction with a small lattice

mismatch accommodate stress by developing a cross-hatch dislocation pattern. In GaAs based

planar microcavities grown by molecular beam epitaxy, this pattern creates a potential landscape

for exciton-polaritons, causing scattering and localization. We report here on suppressing the

cross-hatch by introducing strain-compensating AlP layers into the center of the low index AlAs

layers of the distributed Bragg reflectors. We observe a reduction of the cross-hatch dislocation

density by at least one order of magnitude for 1.1 nm thick AlP layers, which correspond to an

effective AlAs0.985P0.015 low index layer. These compensated structures show a remaining polariton

disorder potential in the 10 leV range. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4739245]

The lattice constants of GaAs and AlAs layers differ by

0.14% at room temperature, leading to strain in AlAs layers

grown on GaAs substrates, which for a film thickness above

a critical thickness1 relaxes by the formation of a cross-hatch

dislocation pattern. In GaAs/AlAs microcavities such cross-

hatches influence the propagation of polaritons and give rise

to elastic scattering and the appearance of a cross-shaped sig-

nature in the far-field emission from a microcavity.2–6 Fur-

thermore, they can cause a localization of polariton

condensates observed in such microcavities in the strong

coupling regime.7 In order to observe polariton fluid propa-

gation over distances exceeding hundreds of lm, and sponta-

neous vortex dynamics in a homogeneous polariton

superfluid, the cross-hatch pattern needs to be suppressed.

One possibility to reduce the strain and thus avoid misfit dis-

location formation is p or n-type doping with small atoms,8

such as carbon or silicon, respectively. This can be used in

electrically pumped structures such as vertical cavity surface

emitting lasers (VCSELs). However, the doping gives rise to

free-carrier absorption, limiting the lifetime and thus the

propagation length of polaritons. Moreover, the doping intro-

duces electric fields which cause energy shifts of the quan-

tum well (QW) excitons due to the Stark effect, and free

carriers which broaden the QW exciton due to carrier-carrier

scattering.

In the present work, we propose and demonstrate the

suppression of the cross-hatch dislocation pattern by the

incorporation of strain compensating AlP layers into the

AlAs layers of the distributed Bragg reflectors (DBRs).

Thin films of cubic semiconductors grown on (001) sub-

strates with a moderate lattice mismatch em < 2% grow in a

layer-by-layer mode. For layer thicknesses exceeding the

critical thickness,1 the strain relaxes by the formation of mis-

fit dislocations arrays. A misfit dislocation (MD) is a mixed

edge and screw dislocation,9 as shown in Fig. 1(a) where the

Burgers vector bMD of the MD is decomposed into an edge

dislocation (bedge) and a screw dislocation (bscrew). The MD

line lies in the heterointerface plane, while the accompany-

ing threading dislocation (TD) line lies in a plane perpendic-

ular to the heterointerface. TDs either propagate from the

substrate or are created in the epilayers. In GaAs/AlAs multi-

layers, the TDs propagation from the substrate is sup-

pressed10 by a deflection into the interface plane along the

h110i directions.

The mechanism behind the formation of the hatches par-

allel to the ½110� and ½1�10� directions was identified in Ref. 1

for GaAs/GaAs0.5P0.5 heterostructures grown on a (100)

GaAs substrate with em ¼ 1:8%. Using TEM and SEM,

bending of threading dislocations on the heterointerfaces on

{111} slip planes was observed, providing a mechanism for

the formation of MD arrays sketched in Fig. 1(b). Following

the notation given in Fig. 1(a), the critical thickness is calcu-

lated as1

FIG. 1. (a) Sketch of the MD development in GaAs/AlAs heterostructures.

The angle between the dislocation line and its Burgers vector is b ¼ 60�,
and the angle between the Burgers vector and a line in the plane of the heter-

ointerface perpendicular to the dislocation line is k ¼ 60�. (b) Sketch of the

dislocation array development on the (111) slip plane, B and C denote differ-

ent layers.a)Electronic mail: ZajacJM@cardiff.ac.uk.
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hc ¼
b

4pem

1þ ln
hc

b

� �
1� � cos2ðbÞ
ð1þ �Þ cosðkÞ ; (1)

where b ¼ jbj; em ¼ ðas � afÞ=af is the misfit strain where

as and af are the lattice constants of the substrate and the

film, respectively, � ¼ C12=ðC11 þ C12Þ is the Poisson ratio

of the film, a is the angle between the dislocation line and b,

and k is the angle between b and the direction in the film

plane perpendicular to the intersection of the slip plane with

the interface.

Due to the different thermal expansion coefficients a of

GaAs and AlAs (see Table I), they are expected to be lattice

matched13 around 900 �C. The critical thickness for the

growth of AlAs on a GaAs substrate at a temperature

of 590 �C calculated using Eq. (1) is hc � 0:6 lm, with

b ¼ a=
ffiffiffi
2
p

as shown in Fig. 1(a). For a full GaAs/AlAs Bragg

period instead, using its average lattice constant, we find

hc � 1:1 lm.

Strain relaxation occurs gradually with increasing thick-

ness h > hc, creating an equilibrium MD density9

qMD ¼
em

bjj
1� hc

h

� �
¼ em

bjj
R; (2)

where bjj ¼ b cos ðkÞ and R being the fractional strain relaxa-

tion. For a AlAs/GaAs Bragg mirror of h ¼ 3:5 lm, we find

qMD ¼ 2=lm corresponding to R¼ 68%. We measured a

cross hatch density of qMD � 30=mm, corresponding to

R¼ 1.5%. The MD formation thus remained far from equi-

librium during the growth.

However, even this small MD density is affecting the

polariton propagation in the MC. In order to reduce the MD

density one needs to reduce the lattice mismatch of the DBR.

To do this, we sandwich a thin AlP layer into the center of

each AlAs layer of the DBR to obtain an effective lattice

matched AlAs1�xPx ternary alloy as low index layer. Grow-

ing a thin AlP layer instead of an alloy provides a better con-

trol over the composition, specifically for the group V alloys.

Additionally, we avoid interfaces in which elements of both

groups III and V change, which can lead to the interface

layers modifying the band offset. Furthermore, by adding the

lower index material AlP in the center of the low index layer,

we enhance its reflectivity.

The values of the phosphorus fraction x used in our

study were chosen to lattice-match AlAs1�xPx to GaAs at

different temperatures as given in Table II. The temperature

dependent lattice constant a(T) was calculated using the lin-

ear thermal expansion

aðTÞ ¼ aðT0Þð1þ aðT � T0ÞÞ; (3)

where a is the thermal expansion coefficient. Using aGaAs

from Ref. 11, GaAs and AlAs are lattice matched at

T ¼ 1400 �C, while for aGaAs from Ref. 13 they are matched

at T ¼ 900 �C. In the sample design, we used the average of

both values. The lattice constant of the ternary alloy was cal-

culated using the Vegard’s law from the lattice constants of

the binary alloys and thermal expansion coefficients as listed

in Table I. Five microcavity samples with nominal phospho-

rus contents of x¼ 0 to 3% were grown (see Table II). They

consist of a bare 2 kc GaAs cavity layer surrounded by

AlAs1�xPx/GaAs DBRs with 26 and 23 kc=4 pairs on the

bottom and top, respectively. The calculated temperature

dependence of the lattice mismatch em of AlAs1�xPx corre-

sponding to the different samples is shown in Fig. 2(a).

Resonant transmission was measured in order to deter-

mine the average density of cross-hatches. The samples were

held in a bath cryostat at a temperature of T¼ 80 K to avoid

GaAs absorption at the cavity resonance. The samples were

illuminated from the substrate side and imaged from the epi

side using 0.5NA lenses. A detailed description of the setup

can be found in Ref. 17. The measured cavity mode wave-

lengths are shown in Table I and are red detuned by

50–80 meV from the bulk GaAs exciton18 of the cavity layer

at 1.508 eV. The real space transmission images of the

samples under illumination with a nearly collimated beam of

resonant 150 fs pulses and 250 lm diameter are given in

Fig. 2(b). The observed cross-hatch density shows a clear de-

pendence on the strain compensation. The resulting meas-

ured cross-hatch density versus the thickness of the AlP

layer (see Fig. 2(c)) shows a minimum at 1.1 nm correspond-

ing to a low index layer of AlAs0.985P0.015, which is nomi-

nally lattice matched at 700 �C, close to the growth

temperature of 590 �C. Furthermore, the density reduction

has a wider range for the ½1�10� compared to the ½110� direc-

tion. The non-equivalence of the two directions is related to

the breaking of the inversion symmetry by the lattice basis

and is not observed in Si/SiGe structures.19 The varying den-

sity of point-like defects seen in the images—specifically the

high density in the AlAs0.985P0.015 sample is attributed to a

faulty lip heater in the Ga Veeco “SUMO” cell of the VG

V90 MBE (molecular beam epitaxy) machine. The influence

of such defects on the polariton states are characterized in

Ref. 17.

To exemplify the effect of the suppressed cross-hatch

disorder on the polariton states, we compare in Fig. 3 the

polariton propagation in 0% and 1.5% samples. Without

TABLE I. GaAs, AlAs, and AlP lattice constants a, thermal expansion

coefficients a, and refractive indices n at 850 nm wavelength at room

temperature.

Parameter GaAs AlAs AlP

A (nm) 0.56533a 0.566162a 0.54635b

a (10�6/K) 6.24,a 6.86a 5.2c 4.5d

N 3.567e 2.97e 2.775f

aReference 11.
bReference 12.
cReference 13.
dReference 14.
eReference 15.
fReference 16.

TABLE II. Parameters of the investigated microcavity samples.

P content in AlAs1�xPx (%) 0 1 1.5 2 3

AlP layer thickness (nm) 0 0.8 1.1 1.5 2.2

Matching temperature ( �C) 1100 830 700 560 300

Cavity mode wavelength kc (nm) 866 873 851 856 855

041114-2 Zajac, Clarke, and Langbein Appl. Phys. Lett. 101, 041114 (2012)
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disorder, they exhibit a in-plane quadratic dispersion with a

minimum at the band edge �hxc at 1.4330 (1.4565) eV for the

0% (1.5%) sample, respectively, and an effective mass of

m ¼ 2� 10�5 me determined from the measured dispersion,

where me is the free electron mass. We use a focused excita-

tion with a diffraction limited spot of about 25 lm size, con-

taining wavevectors jkj < 0:3=lm. Exciting with a cw-laser

at the polariton band-edge, we select the polariton states

close to the zero momentum. The excited polariton states

(Fig. 3(a)) are strongly affected by the cross-hatch disorder,

being localized between hatches. In the 1.5% sample instead,

the virtual absence of the cross-hatch disorder enables the

nearly free propagation of the excited polaritons. The inter-

ference fringes created by the scattering from the defects

show a period of about 20 lm, corresponding to

jkj ¼ 0:16=lm, and a kinetic energy of 47 leV. The free

propagation at such a low kinetic energy gives an upper limit

of about 20 leV for the residual disorder. The single horizon-

tal MD hatch present in the investigated region leads to the

reduction of the emission in the hatch, evidence for an attrac-

tive potential increasing the local wavevector and the group

velocity and thus reducing the polariton density in the hatch.

Tuning the excitation energy about 1 meV above the polari-

ton bandgap, polaritons propagate over distances in the order

of 200 lm as seen in Fig. 3(b). Polaritons excited with even

higher kinetic energies of 6 meV and a wavevector k cen-

tered at ð2:3; 0Þ=lm (see insets of Fig. 3(b), the excitation

position is indicated as a circle) propagate over hundreds of

micrometers in the x direction. Fitting the data we deduced

exponential decay lengths in the order of 1 mm. In the 0%
sample, the propagation proceeds along the waveguide chan-

nels5 provided by the cross-hatches, while in the 1.5% sam-

ple, the excited wavepacket is spreading according to its free

propagation. Exciting instead with 150 fs pulses covering ki-

netic energies from zero to 10 meV and focusing in real

space to a diffraction limited spot of 1.5 lm size covering

jkj < 4=lm, polaritons with a large range of kinetic energies

are propagating away from the excitation spot (see inset of

Fig. 3(c)). The interference pattern is suppressed by the short

coherence length of the excited polariton wavepacket. To

observe the omnidirectional propagation, we show the data

in cylindrical coordinates centred at the excitation spot in

Fig. 3(c). In the 0% sample the propagation is anisotropic

with the longest propagation length along the hatch direc-

tions ½1�10� and ½110�. In the 1.5% sample instead, an iso-

tropic propagation is observed, apart from the point-like

defects.

FIG. 2. (a) Calculated temperature dependence of the lattice mismatch em of

AlAs1�xPx for different AlP layer thicknesses as indicated. Parameters are

taken from Table I. (b) Real space transmission images of the investigated

microcavities with different strain compensation. Intensity on a linear color

scale as indicated. (c) cross-hatch density as function of AlP layer thickness.

Error bars for the layer thickness are estimated from the shutter transit times.

FIG. 3. Real space transmission images of the samples with no strain com-

pensation (left column) and optimum strain compensation (right column).

Color scale as in Fig. 2. Excitation energy relative to band edge were 0 meV

in (a), 1 meV in (b), 6 meV in the inset of (b), and 0–10 meV in (c). Excita-

tion wavevectors were jkj < 0:3=lm in (a), jk� ð1:1; 0Þ=lmj < 0:3=lm in

(b), jk� ð2:3; 0Þ=lmj < 0:3=lm in the inset of (b), and jkj < 4=lm in (c).
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In conclusion, we have proposed and demonstrated the

suppression of the cross-hatch disorder in GaAs/AlAs micro-

cavities by strain compensation, which was realized by

incorporating thin AlP layers into the AlAs layers of the

DBRs. Using an AlP layer thickness of 1.1 nm, correspond-

ing to an effective AlAs0.985P0.015 alloy of the low-index

layer, a reduction of the cross hatch density by an order of

magnitude is achieved, which reduces the residual polariton

disorder potential to the 10 leV range. This progress is im-

portant for the study of intrinsic collective polariton phenom-

ena such as superfluidity, vortices and solitons.
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