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by focussed laser beam induced thermal interdiffusion 
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A novel technique is presented to modulate the effective band gap of G a A ; / A I G a A s  quantum well structures. A i / G a  
interdiffusion on a lateral scale of about I1111 nm is achieved by heating the sample locally with a fl~ctlssett laser beam. Rapid 
thermal interdiffusion is limited to a small region undernea th  the laser spot center .  Variot, s lateral nanost ructures  have been 
fabricated by stepping the sample below the focussed laser beam. Wire structures with periods of about 21111 nm reveal a significant 
peak structure and a blue shift of the photoluminescence.  The  strong photoluminescence efficiency allows microscopic optical 
characterization even of single quan tum wire structures. 

In order to achieve strong optical interband 
transitions of one- and zero-dimensional semi- 
conductor systems, confinement of both the elec- 
trons and holes at the same spatial region is 
required. Commonly used etching techniques in 
general do not fulfill this condition. Besides some 
special growth techniques and strain patterning 
methods [1-3], also local intcrdiffusion ~.~.ithin 
convenient G a A s / A I G a A s  quantum well struc- 
tures has been applied to laterally modulate the 
aluminium content and consequently the effective 
band edge energies. Bombardement by a fo- 
cussed ion beam (FIB) or electron beam was used 
to increase local A I / G a  interdiffusion during a 
subsequent annealing process [4,5]. 

In the present contribution we describe a novel 
one-step technique which enables us to modulate 
the quantum well band gap energy directly by 
1 . . . . . .  II : . .  ~ ' c ¢ "  • ,~,.,,, the ...... ' a, ,,~, .~, ~,~at ~ / ~ a  ~utcru~us~on. n nis interdif- 
fusion is induced by absorptio,~ of a focussed 
laser beam (FLB) which heats the sample h)callv 
to temperatures up to T = 1000°C. The extremely 
nonline:,r increase of interdiffusion with local 
temperature is believed to cause a laterally steep, 
narrow interdiffusion profile in the center of the 
spot. Various kttcral barrier profiles have been 

written by heating tile salaple point by point for 
adequate time durations. The interdiffusion can 
he controlled by micro Raman spectroscopy. The 
photolumincsccnce (P/.) of the fabricated wire 
structures shows evidence that FLB induced in- 
Icrdiffusicm of quantum wells indeed can gener- 
ate iatc:ally direct quantunl structures of low 
damage and with quantization energies of the 
ordcr of I0 mcV. 

The starting quantum well structure consists of 
undopcd G a A s / A I , G a j _ , A s  quantum wells 
grown by molecular beam epitaxy (MBE). On a 
3000 A thick AI,G~oi ~ - ,  As layer three GaAs wells 
of 80, 55 and 30 A thickness and a 100 /~, cap 
layer are separated by 200 A Al.,Ga~_, As barrier 
layers (x = 0.35). A 1000 A thick Si3N a film was 
plasma deposited onto the sample surface in or- 
der to prevent decomposition of the surface lay- 
ers during laser processing. Local interdiffusion 
of the well and barricr layers is induced by an 
intensity stabilized Ar '  laser beam (A =5145 o\) 
which is focussed by a microscope objective to a 
spherical spot of about 600 nm in diameter. ] 'he 
';ample is mounted on a high precision xyz-trans- 
lation stage which allows quasi-homogeneous 
writing of individual lateral structures using a 
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stepping mode of 25 nm step size with a position 
accuracy of about 10 nm. Fig. la schematically 
shows a sample which is locally interdiffused un- 
derneath the center of the focussed laser beam. 
Fig. lb shows a typical radial profile of the A I / G a  
interdiffusion coefficient D( r )  ,-, e x p ( - E , /  
k aT(r)), (E,  = 5 eV), which is obtained by solv- 
ing the nonlinear equation of lattice heat conduc- 
tion within an AlxGa ~_,As sample when a FLB 
of total power P = 6.6 mW is absorbed [6]. The 
lateral size of the interdiffused region is strongly 
reduced compared to the exciting laser spot size 
to a total width of about 200 nm. 

The microscope stage is coupled to a trip,e 
grating Raman spectrometer with a multichannel 
detection system. This enables us to control the 
laser processing parameters  by in-situ micro Ra- 
man spectroscopy during patterning. The short 
laser penetration depth of about 100 nm and the 
characteristic dependence of the Ai,.Ga~_.,.As 
phonon frequencies on the AI content x adow 
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Fig. 1. (a) Schematic view o f  the quantum well sample with an 
A I / G a  intcrdiffused region produced by a focussed laser 
beam. (b) A lateral A I / G a  inlerdil tusion profile of aboul 21111 
nm tolal width was calculated from lhe Gaussian laser spot 
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the observation of compositional changes of lay- 
ers close to the surface. Fig. 2 shows Raman 
spectra which have been measured duruig scan- 
ning the sample underneath a laser spot of a 
power P =  5.8 mW with different delay times 
after each 25 nm step. Using halt" of the laser 
power (fig. 2d) no significant change of the Ra- 
man spectrum as compared to the room tempera- 
ture reference spectrum is observed. With higher 
! . . . . . . . . . . . . . . . .  

U l  1 1 1 1 1  U d T ~ . ~  L ~  p~Ol~Ull t h e  t 

layers broadens and merges with the A~GaA,~ 
phonon mode on a tirne scale of lhc order of a 
second. We attribute this shift of the GaAs 
phonon frequency to raF;d diffusion of AI atoms 
out from the thicker barrier layers into the thin 
GaAs layers. An irreversible change of the local 
sample composition within the processed rcgkms 
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Fig. 3. Low temperature photoluminescence srectra  of quan- 
tum wire structures of period a wri t ten by focussed laser beam 
induced intcrdiffusion. For PL excitation wc used photon 
energies of Eli,c = 1.76 eV and a total power of Phi.  = !() p.W 
focussed to a spot o f  about 2 p.m in diameter. A schematic 
view o f  the expected lateral conduct ion band and valence 
band modulat ion (CB, VB) in ltic various structures is given 

on the right-hand ,,idc. 

is confirmed by subsequent Raman analysis at a 
strongly reduced laser intensity. An external laser 
power of about P = 5.8 mW and irradiation times 
of one second at each point are typical parame- 
ters used to fabricate the investigated structures. 

Wire structures of different periods a have 
been written consecutively by FLB at constant 
processing parameters. The wire patterns are 8 
tam x 8 tam in size and have been characterized 
by micro photoluminescence at low temperature 
( T =  5 K). The spatial resolution was optimized 
to about 1.5 ym using a cold finger He-flow 
cryostat with a 1).2 mm thin vacuum window and a 
pinhole at an image point of the PI, light spot  
"l'he strongest interdiffusion effects are expected 
to happen within the narrowest uppermost oqUan- 
tum well. PL spectra of this well (L = 30 A) are 
shown in fig. 3. For period lengths larger than 
400 nm the PL is nearly unchanged comparcd to 

the unstructured regions of the sample. With 
decreasing period length in the wire structured 
region the PL maximum shifts t,a higher energies. 
There appears also some structure in the high 
energy tail of the PL. At a line spacing of a = 200 
nm five predominant  luminescence peaks are ob- 
served which are separated in energy by about 8 
meV. Line widths as narrow as 2 meV are ob- 
served for the individual peaks. A further reduc- 
tion of the period (a = 150 nm) leads to a shift of 
the luminescence to higher energy by about 21) 
meV. The splitting of ,ne fine structure, however, 
is reduced. 

The observed PL shift and splitting may be 
understood in terms of the effective quantum 
well conduction band and valence band modula- 
tion normal to the wires which is schematically 
shown on the right-hand side of fig. 3. While the 
quantum well luminescence is nearly unaffected 
by FLB interdiffused lines of large spacings a - 
400 nm, a strong lateral modulation of the local 
AI content within the well is reached at periods 
of about 200 nm with barely intcrdiffused regions 
in between the laser scanned lines. This period 
compares well to the total width of the expected 
interdiffusion profile given in fig. lb. For this 
condition the largest I D subband separation is 
expected. With smaller periods the quantum well 
gets intcrdifft~scd cvcn between the FLB writtcn 
lines and the energy gap i:: rapidly increasing. 
Scanning the PL probe across the wire structures 
of narrow period a < 200 nm samples reveal some 
inhomogeneities. The systematic initial increase 
and final decrease of the peak energy separation 
and the increasing blue shift with decreasing pe- 
riod are a strong indication that lateral confine- 
ment effects are responsible for the PL peak 
structure. Confinement due to a sinusoidal lateral 
band gap modulation has been calculated for 
example in rcf. [7]. If we scale their results to a 
period of  (.~ =- 21111 nm and a band gap modu!a!ion 
of 80 mcV by the simple harmonic approximat ion 
h~o ,, 1 / ~ ,  wc get nearly equidistant electron sub- 
band separations of about 5 meV and a compara- 
bly smallcr splitting of valence band states. Thesc 
energies correspond roughly to the observed 
splitting of the luminescence line in the sample 
with a = 200 rim. 
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In order to avoid inhomogeneities we have 
also fabricated a single quantum wire structttrc as 
shown schematically in the inset of fig. 4. The 
wire is defined by a FLB written frame which is 
340 nm x 2 ~m in size. The wire structure is 
surrounded by a 6.2 g m  x 7.8 /.tin sized area, 
where we tried to achieve uniform interdiffusion 
using a laser step rate of 50 nm/s .  The wire 
defining frame as well as the outer edge of the 
interdiffused area are processed with a smaller 
step size (25 nm) in order to obtain locally a 
stronger and homogeneous interdiffusion. The 
expected band gap variation across the processed 
area is also shown schematically in fig. 4. The 
increased energy gap at the edges reduces the 
drift of photogenerated carriers to the minima. 
Spati-.,lly resolved low tcmnerature PL spectra 
have been measured by scanning the sample un- 
der the probe laser spot across the structure with 
a step size of Ax = 200 nm. Luminescence origi- 
nating from the quantum wire can be clearly 
separated from the surrounding as grown quan- 
tum well structure (fig. 4). The lateral width of 
,he PL feature is determined by the cxperime.ntal 
probe size. We want to emphasize that the PI. 
intensity from the wire is nearly as high as from 
the unstructured region (x = 0 in fig. 4). This 

demonstrates that only little damage is generated 
within the wire by our laser processing techpol- 
ot.,~..'. ] 'he PL of the wire reveals a slightiy bluc 
shilted asymmetrical lmc, ~,~,ho~c high encrg.~, tad 
extends to about 20 meV above the reference PL 
energy. In the low energy part a splitting into 
discrete peaks with separations of about 2 meV is 
observed. Within the interdiffused area surround- 
ing the wire a weak luminescence is detected at 
higher energies in some regions, like for example 
close to the front edge in fig. 4. We attribute 
these regions to local minima of the band gap, 
which may be caused by inhomogeneous interdif- 
fusion. The additional blue shifted luminescence 
gives roughly the height of the lateral band gap 
modulation. The shape can be calculated from 
the interdiffusion profile and the actual pattern- 
ing parameters. The estimated 1D subband spac- 
ings agree well with the observed peak separation 
in the luminescence of the single wire. 

In conclusion we have demonstrated that non- 
linear effects allow the dircct writing of 
nanostructures in GaAs /AIGaAs  quantum wells 
by optical techniques. The luminescence effi- 
ciency of laser processed structures is nearly con- 
served. No post processing annealing sZcps arc 
rcquired. The steep intcrdiffusion profile oh- 
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tained with focussed laser beam writing results in 
narrow lateral confinement which opens the pos- 
sibility t~" fabricate directly one-dimensional and, 
straight forward, also zero-dimensional scmicon- 
ductor systems. 

References 

[1] K. Kash, J.M. Worlock, A.S. Gozdz, B.P. van der Gaag, 
J.P. Harbison, P.S.D. Lin and L.T. Florez, Surf. Sci. 229 
(1990) 245. 

[2] D. Gershoni, J.S. Weiner, S.N.G. Chu, G.A. Baraff, J.M. 

Vandenberg, L.N. Pfeiffer, K. West, R.A. Logan and T. 
Tanbun-Ek, Phys. Rev. Lett. 65 (1990) 1631. 

[3] M. Tsuchiya, J.M. Gaines, R.H. Yan, R.J. Simes, P.O. 
Holtz, L.A. Coldren and P.M. Petroff, Phys. Rev. Lett. 62 
(1989) 466. 

[4] F. LarueUe, P. Hu, R. Simes, R. Kubena, W. Robinson, J. 
Merz and P.M. Petroff, J. Vac. Sci. Technol. B 7 (1989) 
2034. 

[5] Y.J. Li, M. Tsuchiya and P.M. Petroff, Appl. Phys. Lett. 
57 (1990) 472. 

[6] E. Liarokapis and Y.S. Raptis, J. Appl. Phys. 57 (1985) 
5123. 

[7] U. Bockelmann and G. Bastard, Phys. Rev. B, to be 
published. 


