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We report measurements of the photoluminescence excitation spectra of a series of GaAs/ 
AlGaAs quantum well samples grown on vicinal plane substrates with differing off-cut angles. 
When the plane of polarization of the exciting light is changed we have observed a clear 
variation in the ratio of the strength of the n=l light and heavy hole exciton transitions in 
samples grown on vicinal plane substrates. This behavior is attributed to anisotropic scattering 
at steps in the heterointerface. 

With the increased understanding of the details of the 
molecular beam epitavy (MBE) growth process it is hoped 
to fabricate low-dimensional structures of increased com- 
plexity. In particular it has been shownI that it is possible 
to grow so-called grid inserted quantum wells and quan- 
tum wire arrays. In these structures use is made of the 
particular property of MBE, under certain growth condi- 
tions,3 whereby the growth is essentially two dimensional 
and proceeds from step edges on the epitaxial grown ma- 
terial. A necessary condition for the production of these 
structures is that the initial growth must occur on a vicinal 
plane substrate to ensure that step flow growth dominates 
over random growth at two-dimensional islands. The suc- 
cessful growth of the grid-inserted quantum wells and 
quantum wire arrays was characterized’8 by measure- 
ments of the photoluminescence excitation spectra as a 
function of the plane of polarization of the exciting radia- 
tion (optical polarization excitation spectra) where a clear 
oscillation in the ratio of the strengths of the iz= 1 ‘heavy 
and light hole exciton transitions was observed. In this 
work”’ the observed anisotropy was assigned to variation 
of the in-plane component of the electron wave vector. 
However, recent theoretical work&’ has shown that such 
anisotropy could be caused by a number of effects. In par- 
ticular Bauer and Sakaki discussed the effects on the opti- 
cal polarization spectra of a random strongly anisotropic 
island structure and showed that it is possible to obtain 
small in-plane optical anisotropy without any quantum 
wire or superlattice formation at all. Indeed anisotropic 
optical polarization excitation spectra would result from 
any intrinsic or extrinsic perturbation that breaks the four- 
fold symmetry. 

As already mentioned, the production of grid inserted 
quantum wells and quantum wire arrays involves MBE 
growth in the step flow mode from step edges on vicinal 
plane substrates. Thus inevitably there might be an intrin- 
sic anisotropy in the plane of such a quantum well struc- 

ture due to the intrinsic step edges. Furthermore, there is 
clear evidencebY from scanning tunneling microscopy stud- 
ies that under As-rich conditions [i.e., with a (2x4) re- 
construction present during growth] that the growth pro- 
ceeds more rapidly in the [ - 1 IO] direction which will lead 
to anisotropic islands in the growth plane. In this letter we 
report. optical polarization excitation spectra from a series 
of GaAs/AlGdAs multiple quantum well structures grown 
on vicinal plane structures with varying nominal off-cut 
angles (O”-6”) from the (001) direction allowing us to in- 
vestigate the influence of step edges in detail. 

The measurements were performed on GaAs/ 
A&,33G+,67A~ multiple quantum well structures grown on 
GaAs SI substrates with varying degrees of off-cut, the 
different samples were grown simultaneously. The off-cut 
angles were measured by x-ray diffraction with a precision 
of *to. I“, however the off-cut direction was not established. 
The samples were grown in a Varian Gen II MBE machine 
under As-rich conditions. The growth sequence was as fol- 
lows: (i) a GaAs buffer layer with an initial growth tem- 
perature of 580 “C!, during the growth of the buffer layer 
the growth temperature was gradually ramped up to 
630 “C (at this temperature the growth should proceed in 
the step flow mode),3 and maintained at this temperature 
for the subsequent growth, (ii) 1400 A of A10.33Ga0,67As, 
(iii) 60 periods of 25 k GaAs and 145 w A&sGq,,6sAs, 
and (iv) 1400 w A10,35Ga0,6;5As capping layer. 

The optical experiments were performed with the sam- 
ples mounted in a continuous flow cryostat at 9 K. The 
optical polarization excitation spectra were performed by 
exciting the front face of the samples with a pyridine dye 
laser and recording the photoluminescence intensity of the 
low energy tail of the n= 1 heavy hole exciton transition 
while the dye laser was scanned over the energy range 
encompassing the n = 1 light hole and IZ- 1 heavy hole 
exciton transitions. These spectra were recorded with the 
plane of polarization of the exciting radiation at varying 
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FIG. 1. (a) Low temperature (9 9) photoluminescence spectrum of the 
sample for the nominally 6” orientated substrate excited with light of 
photon energy 1.789 eV and  an  incident power  density - 10  W/cm’. (b) 
Low temperature (9 K) photoluminescence excitation spectrum of the 
same sample with a  detect ion energy of 1.71 I eV. 

angles in the plane of the quantum well structure. This was 
accomplished by passing the laser beam through a Fresnel 
rhomb system which was the last optical element in the 
system before the cryost.at. The photoluminescence inten- 
sity was found to be linear with excitation power when 
exciting with a fixed excitation energy close to the exciton 
transitions and the measured spectra were corrected for the 
change in the output power of the dye laser. Typical pho- 
toluminescence and excitation spectra from the sample 
with the 6” misorientated substrate are shown in Figs. 1  (a) 
and l(b), respectively. The transitions at 1.735 and 1.773 
eV in the excitation spectra are identified as the n = 1 heavy 
hole and n= 1 light hole exciton transitions, respectively. 
Also indicated in Fig. 1  are the peak height intensities (hh, 
lh) used to measure the ratio of the heavy and light hole 
transition strengths. 

Applying%’ I Fermi’s Golden Rule and using Kane’s 
k * p  theory it is possible to derive the probabilities al,, and 
(Thh for the n = 1 light hole and n = 1 heavy hole transitions, 
respectively. Thus it can be shown that 

aIh 1 tad @+4 sin2 f+cos2 c -=- 
Qlhh 3  tan” *+cos” g ’ 

The important terms in the above expression are first tan 5 
where 

tan ,_(kwell/ 
5 kL ’ 

where 1 kwell 1  and k, are the electron wave vectors in the 
plane of, and perpendicular to the quantum well, respec- 
tively, and second, Q, which is the angle of the plane of 
polarization of the exciting radiation (in our case this angle 
is measured with respect to an arbitrary direction Qp, in the 
different samples). If j kWvelr 1  =0 then a]h/ahh would always 
be equal to l/3 irrespective of the direction of the plane of 
polarization of the exciting radiation but if ( kwrii( #O 
(caused by quantum confinement in the quantum well 
plane or by anisotropic scattering) then c&/c& varies as a 
function of Q with a period of 180” and an amplitude gov- 
erned by tan 5. 

TABLE I. Modulat ion depth h  and  the nominal and  real off-cut angles as 
measured by x-ray ditfraction of the samples studied. 

Sample 
Nominal Measured 

off-cut angle off-cut angle h  

A 0” OX)” 0.00 
B 2” 6.0” 0.04 
C -to 4.5 0.03 
D 6” 5.7 0.05 

Although the nominal off-cut angles for our substrates 
were Oq 2”, C, and 6”, experimentally the off-cut angles 
were found to be O”, 6.0”, 45, and 5.7”, these values are 
tabulated in Table I where we refer to the samples as A, B, 
C, and D, respectively. In Fig. 2  we show the variation of 
ratio of n  = 1 light hole to II== 1 heavy hole exciton peak 
heights (i.e., ~Q,/Q) as a function of the angle of the 
plane of polarization of the exciting light for the different 
samples. In Table I we show the depth of modulation A of 
optical polarization excitation spectra for the different 
samples where A is defined as 

Clearly from the results shown in Fig. 2  we do not observe 
any anisotropy for the 0” sample (within the experimental 
error) but for the other three samples there is a distinct 
anisotropy. It should be noted that the oscillations ob- 
served for the different samples are out of phase because no 
particular effort was made to orientate the different sam- 
ples with respect to the plane of polarization of the exciting 
radiation, i.e., a0 is arbitrary and different for the different 
samples. As discussed below we believe the optical anisot- 
ropy to be caused by the step edges, thus the random ori- 
entation of the samples with respect to the plane of polar- 
ization would explain the variable phase factor. 

As we discussed previously there are two possibie 
sources of anisotropic scattering in quantum well struc- 
tures grown on vicinal plane substrates, i.e., the step edges 
and the anisotropic islands intrinsic to the growth process. 
The absence of anisotropy in the optical polarization exci- 
tation spectra for the 0” orientated sample allows us to 
dismiss the anisotropic islands as a cause of the anisotropy 
in the optical polarization spectra of the samples grown on 
the vi&al plane substrates. Thus we conclude that the step 
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FIG. 2. Variation of the ratio q,/crhh as a  function of the angle Cp -& of 
the plane of polarization of the excit ing radiation for (a) samples H and  
C and  (b) samples A and  D. 
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edges caused by the growth on vicinal plane substrates can 
lead to measurable anisotropy in optical polarization spec- 
tra. We note that the depth of modulation in the rrlh/cwhh 
ratio that we have measured is much less than in the ex- 
periments on quantum wires and grid inserted quantum 
wells. This is, of course, a consequence of the much smaller 
amount of anisotropic scattering at the step edges in com- 
parison with the scattering caused by an inserted grid.]‘” 

In conclusion, we report optical polarizat.ion spectra 
on a series of quantum well structures that have been 
grown on 0” orientated and vicinaJ plane (001 j substrates. 
We have observed anisotropy (A .- 0.04) in spectra of the 
samples grown on the vicinal plane substrates which we 
attribute to scattering at the step edges of the quantum well 
interfaces. Anisotropy in optical polarization spectra can 
be used as evidence for the successful growth of quantum 
wire structures, we would like to make it clear that it is not 
the purpose of this report to cast doubt on any previously 
reported data”’ but to point out that anisotropic polariza- 
tion spectra can be caused by other effects. Indeed in the 
previous work’;’ the reported anisotropy (A- 1.5 and 0.3, 
respectively) was much greater than that reported here. 
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Nevertheless we feel that great care must be taken in the 
interpretation of anisotropy in optical polarization spectra 
as being unequivocal evidence for the successful fabrication 
of quantum wire structures. 

The experimental part of this work was carried out at 
Philips Research Laboratories, Redhill, England. We 
would like to thank Professor B. A. Jo3rce of Imperial Col- 
lege, England for useful discussions. 
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