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Relaxation of a strained quantum well at a cleaved surface
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COBRA Inter-University Research Institute, Department of Physics, Eindhoven University of Technology,
P.O. Box 513, NL-5600MB Eindhoven, The Netherlands

~Received 4 October 2001; accepted for publication 18 January 2002!

Scanning probe microscopy of a cleaved semiconductor surface provides a direct measurement of
the elastic field of buried, strained structures such as quantum wells or dots, but allowance must be
made for relaxation at the surface. We have calculated this relaxation analytically for the exposed
edge of a strained quantum well within classical elastic theory for a linear, isotropic, homogeneous
medium. The surface bulges outward if the quantum well has a larger natural lattice constant and the
dilation changes sign near the surface, which may enhance recombination. Results are given for a
well of constant composition or an arbitrary variation along the growth direction and compared with
cross-sectional scanning tunneling microscopy of InGaAs quantum wells in GaAs. Consistent
values for the composition of the wells were obtained from counting In atoms, x-ray diffraction, and
photoluminescence. The lattice constant on the surface and the normal relaxation were compared
with the calculation. Qualitative agreement is good but the theory gives only about 80% of the
observed displacement. Some of this difference can be explained by the larger size of indium atoms
compared with gallium, and the different surface reconstruction and buckling behavior of InAs and
GaAs ~110! surfaces upon cleavage. ©2002 American Institute of Physics.
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I. INTRODUCTION

Strained heterostructures are widely used in hi
performance devices ranging from quantum-well lasers
pseudomorphic field-effect transistors. The strain is homo
neous deep within the mismatched layers of constant th
ness used in these structures. In contrast, self-assem
quantum dots generate highly inhomogeneous strain.

A direct approach to study the strain and composition
a sample containing a quantum well or dots is to cleav
and scan the surface with a probe. This can give the com
sition directly and the strain can be measured in two wa
Subatomic resolution with a scanning tunneling microsco
is needed to detect the strain in the plane of the surfac1,2

Alternatively the distortion normal to the surface can
measured3,4 because regions under compressive strain bu
outward while tensile strain depresses the surface.5 This has
the advantage that the lateral resolution need only be on
scale of the well or dot, for which atomic force microscopy
sufficient.3 Unfortunately the measured strain cannot be
terpreted directly in terms of an infinite well or buried d
because the material relaxes at the exposed surface to re
its elastic energy. Similar relaxation occurs at the edge o
wafer containing an otherwise uniform strained layer, or
the edge of the layer is exposed by etching a mesa or q
tum pillar.6

In Sec. II we present an analytic calculation of the rela
ation at a cleaved surface through a mismatched quan

a!Permanent address: Department of Electronics and Electrical Enginee
Glasgow University, Glasgow G12 8QQ, Scotland; electronic m
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well, such as InGaAs in GaAs. The results are compa
with cross-sectional scanning tunneling microscopy in S
III. Agreement is generally good but the magnitude of t
calculated relaxation is only about 80% of that observed.
consider some possible explanations for this in Sec. IV.

II. THEORY

In this section we describe a simple, analytic method
calculate the relaxation of a strained layer at a surface.
results are also a guide to the relaxation of a partly expo
quantum dot provided that its depth is much larger than
thickness. It is assumed that the elastic response is linear
isotropic, that there are no forces at the surface or interfa
and that the elastic constants are the same everywhere
these points are questionable but a more accurate calcul
would almost certainly need numerical methods. The str
ture containing the strained slab is assembled as show
Fig. 1, following the ‘‘strain suppression’’ approach t
thermoelasticity.7,8

~a! Bring the slab and its two cladding layers near
without stress. Assume that the lattice constant in the s
exceeds that in the cladding layers by a constant fractione0 ,
taken to be positive. The axisz is along the direction of
growth, which is now in the plane of the cleaved surface, a
y is the outward normal to this surface.

~b! Apply uniform stress ofsxx
(slab)5syy

(slab)52P to the
edges of the slab to reduce its lattice constant in thexy plane
to that of the cladding layers, keepingszz

(slab)50. This re-

g,
:

1 © 2002 American Institute of Physics
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quiresP5e0E/(12n), whereE is Young’s modulus andn is
Poisson’s ratio. It strains the slab byexx

(slab)5eyy
(slab)52e0 and

ezz
(slab)52ne0 /(12n), with dilation e (slab)522(1

22n)e0 /(12n).
~c! The slab can now be joined to the cladding laye

without further strain.
~d! Finally, the fictitious stress applied in the previo

step must be canceled by applying an outward pressureP
to the exposed edge of the slab. The region near the sur
of both well and cladding layers relaxes under this stress

It is assumed that the sample is large enough in all
mensions that each exposed edge of the slab can be tr
independently. The problem of relaxation then reduces
plane strain withexx

(rel)50. We need the response of a sem
infinite medium to an applied stresssyy

(rel)(y50,z)5P for
uzu,a with no other traction on the surface. This is a sta
dard problem in contact mechanics.9 The solution shows tha
the stress obeyssyy

(rel)(0,z)5szz
(rel)(0,z) at all points on the

surface. It follows immediately that the surface of the cla
ding layers is unstrained~but not undistorted! and that the
surface of the well is uniformly strained byezz

(rel)5eyy
(rel)

5e0(122n)(11n)/(12n). The total strains at the surfac
of the slab, including the distortion required to match t
slab to the cladding, are

exx52e0 , eyy5
22n2e0

12n
,

ezz5~112n!e0 , e5
2n~122n!e0

12n
. ~1!

These are plotted in Fig. 2~a! for 2a55 nm, e051%, and
n50.31 ~roughly In0.14Ga0.86As in GaAs!. The straineyy ,
normal to the surface, is reduced by relaxation butezz, along
the direction of growth,increasesto over 1.6%. This leads to
a change in sign of the dilation: it is positive near the surfa
although the bulk of the slab is in compression.

The displacementu(z) of the surface is of particula
interest because it can be measured with a scanning pr
The component parallel to the surface follows from integ
tion of the strainezz while the normal component is give
by9

FIG. 1. Construction of elastic problem for a strained quantum well a
surface by ‘‘strain suppression.’’ The dimension alongy is really much
larger than drawn.
Downloaded 16 Mar 2009 to 131.155.109.90. Redistribution subject to AI
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uy~z!5C2
2~11n!e0

p S ~z1a!logUz1a

a U
2~z2a!logUz2a

a U D . ~2!

An arbitrary constantC is present because the displaceme
does not decay at infinity, a pathological behavior of tw
dimensional elasticity. This function is plotted in Fig. 2~b!,
where the displacement is exaggerated by a factor of 10
emphasize both components of the relaxation. There
logarithmic infinity in the slope of the edges of the sla
which may lead to artifacts in observations around th
points.

The strains are shown as a function of depth,2y, for the
middle of the slab (z50) in Fig. 3~a!. The change in sign of
the dilation is clear. Neither tensile strain decays monoto
cally but has a minimum at a depth of2y'a. This is re-
flected in the displacement of the edge of the slab, plotte
Fig. 3~b!. The slab relaxes to a greater thickness near
surface, as expected, but becomesthinner below this. All
these functions decay only as 1/y and therefore persist to
large depth.

Carriers near the surface of the slab are particularly
fected by the large strains. The changes in energy of
conduction band, light and heavy hole bands are given b10

DEc5ace, DElh5ave1bveax,

DEhh5ave2bveax. ~3!

In these axes the axial straineax5ezz2
1
2(exx1eyy), and the

deformation potential constants for GaAs areac

527.5 eV, av520.4 eV, andbv521.9 eV. The dilation

a

FIG. 2. Relaxation of the surface around the edge of a strained slab
width 5 nm and mismatch 1%.~a! Strains at surface~thick lines! and deep
within the bulk ~thin lines!; ~b! profile of surface with both components o
displacement exaggerated by a factor of 100;~c! comparison of profile for a
slab with uniform 1% mismatch~thin line! and one with mismatch graded
linearly from 0% to 2%~thick line!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tends to trap electrons, holes, and excitons at the surface
may enhance the recombination velocity, although it is la
for only a few nanometers near the surface. Heavy holes
also affected by the axial strain, which may trap them
2y'a. This has been observed in resonant tunneling dio
restricted to small pillars.6

The calculation is readily extended to a slab of nonu
form composition, wheree0(z) acquires an arbitrary varia
tion during growth. The strains at the surface are again gi
by Eq. ~1! but are now proportional to thelocal value of
e0(z). It is more convenient9 to calculate theslope of the
surface rather than its normal displacement directly:

duy

dz
522~11n!•

1

p E
2`

`

e0~s!
ds

z2s
. ~4!

This has the form of a Hilbert transform, as in the Kramer
Kronig relations, and can be inverted to give

e0~z!5
1

2~11n!
•

1

p E
2`

` duy

ds

ds

z2s
. ~5!

In both cases the principal part of the integral is understo
Thus it should be possible to deduce the composition of
homogeneous layers from measurements of the slope o
distorted surface. This provides an alternative to the num
cal modeling used to investigate strain induced
intermixing.4

An example of nonuniform composition is shown in Fi
2~c!, where the distortion of the cleaved surface is plotted
two wells of width 5 nm and the same average mismatch
1%. The result for a uniform well given in Eq.~2! is com-
pared with that for a graded well where the mismatch
creases linearly from zero atz522.5 nm to 2% atz
512.5 nm. The difference could be measured by atom
force microscopy and used to study the variation of com
sition during growth, a common problem with materials th
contain indium.

Another extension is to a well in a narrow mesa
shown in Fig. 1, rather than an infinitely thick wafer, whic
can again be solved using standard results in elasticity.8 Cu-

FIG. 3. Relaxation of strained slab as a function of depth,2y. ~a! Tensile
strains in middle of slab;~b! displacement of edge of slab showing a nec
Downloaded 16 Mar 2009 to 131.155.109.90. Redistribution subject to AI
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bic anisotropy can also be included analytically11 but vari-
able elastic constants would probably require numer
methods.

III. EXPERIMENT

A cleaved sample containing two InGaAs quantu
wells, labeled QW I and QW II, within a GaAs matrix wa
investigated using cross-sectional scanning tunneling mic
copy ~XSTM!. A typical scan is shown in Fig. 4~a!. By
choosing a positive or negative sample voltage with resp
to the tip, which is grounded, it is possible to tunnel into t
empty conduction band surface states@which are located at
the group III elements for a cleaved~110! surface of III–V
semiconductor crystals# or out of the filled valence band sur
face states~which are located at the group V elements!. By
measuring at the proper polarity of the tunnel voltage, it
thus possible to be sensitive to either the group III~positive
voltages! or group V~negative voltages! elements in the top
layer of the cleaved surface.

All measurements were performed under UHV con
tions (p,4310211Torr). The sample was cleavedin situ
and the outward relaxation upon cleaving, due to the la
built-in strain, was determined. From XSTM images wi
atomic resolution the width and the local indium concent
tion of the quantum wells can be determined, as shown
Fig. 4. Because of the difference in bond length and elec
cal properties of indium and gallium, the individual indiu
atoms can be distinguished from the surrounding GaAs

FIG. 4. ~a! Atomic resolution, empty states, XSTM image of the doub
quantum well. The image was measured at an image voltage of 2.5 V
tunnel current of 0.198 nA, scan area 30330 nm2; ~b! corresponding indium
concentration profile derived from the XSTM image by counting indiu
atoms.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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trix in the STM images. By measuring at positive tunn
voltages~empty states imaging mode! the local indium frac-
tion throughout the two quantum wells can be determined
counting the indium atoms. The results are shown in F
4~b! shows that the indium content in the quantum wells c
be considered to be constant within the accuracy of the m
surement.

We compared our XSTM results concerning the deter
nation of the composition of the quantum wells with tw
other standard techniques, photoluminescence~PL! and x-ray
diffraction ~XRD!. The PL experiments were performed in
standard flow cryostat at 5 K using a diode pumped Nd:YAG
laser operating at 25 mW at 532 nm and a backscatte
configuration with a scanning spectrometer and a liquid
trogen cooled CCD camera. The calculations were base
an effective mass approximation using parabolic bands
the solid-model theory of van de Walle12 to calculate the
band offsets between the different strained layers of
structure. The results of these measurements are show
Table I. In the model used to interpret the PL and XR
spectra, the well width has to be inserted and was determ
from the XSTM measurements. The estimates of the com
sition are in good agreement although PL tends to giv
slightly higher concentration of indium.

The measured, apparent height of the cleaved quan
wells is determined both by the real outward relaxation a
by contrast due to the different chemical properties~band
gap, electron affinity, etc.! of the GaAs and InGaAs. The
latter is sensitive to the magnitude and sign of the app
tunnel voltage. From height profiles shown in Fig. 5~a!, the
‘‘apparent relaxation’’ of the InGaAs QW II with respect t
the surrounding GaAs matrix is determined at different tu
nel voltages, and plotted as a function of voltage in Fig. 5~b!.

The apparent relaxation in the profiles obtained fro
filled states images~negative tunnel voltage! is almost inde-
pendent of the image voltage. In the empty states ima
~positive tunnel voltage!, however, there is a strong voltag
dependence and at low tunnel voltages there is a large e
tronic contrast. This is due to the fact that in filled sta
imaging the relative tunnel barrier height difference betwe
the GaAs and the InGaAs with respect to the the vacu
barrier is much smaller than in the empty states imag
mode, resulting in a very weak voltage dependence of
tunnel current~and thus the measured height differences! due
to differences in chemical composition.13At high tunnel volt-
ages the measured relaxation profiles approach a con
value, independent of the polarity of the applied tunnel vo
age. In order to determine only the real outward relaxat
and suppress the electronic contrast, XSTM measurem
should be performed at high positive tunnel voltages~empty

TABLE I. Indium concentrations in the quantum wells determined
XSTM, XRD, and PL.

Well
Width ~nm!

XSTM

Indium concentration~%!

XSTM XRD PL

QW I 4.560.5 5.060.5 5.260.5 6.360.5
QW II 6.560.5 14.460.6 13.760.5 14.760.6
Downloaded 16 Mar 2009 to 131.155.109.90. Redistribution subject to AI
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states! or negative tunnel voltages~filled states imaging!.
The lattice constant can be determined from Fig. 4~a! by

measuring the distance between the atomic rows. To ge
accurate value, some averaging of the local indium fluct
tions is necessary, which can be done by Fourier filter
perpendicular to the growth direction. The measured lat
constant profile is shown in Fig. 6. The lattice consta
changes abruptly at the interfaces between the quantum w
and the surrounding GaAs matrix and the value of the lat
constant throughout the quantum wells can be considere
be constant. This is good qualitative agreement with the
culations. Numerical agreement, however, requires a hig
indium concentration in the calculation than that deduc
from the XSTM measurements: 7% and 17.1% instead of

FIG. 5. ~a! Apparent outward relaxation profile of the double quantum w
at different positive tunnel voltages~empty states mode imaging!; ~b! appar-
ent outward relaxation height of QW II as a function of tunnel voltage.

FIG. 6. Lattice constant profile at the cleavage plane obtained from ato
resolution XSTM images.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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and 14.4%. Thus the calculation appears to predict too s
a distortion of the surface. The measured lattice constan
the GaAs however, exactly agrees with the theoretical va
confirming that the STM is calibrated properly.

In Fig. 7, the measured outward relaxation with minim
electronic contrast is compared with calculations. The ove
shape of the calculated profile is again qualitatively con
tent with the measured relaxation profile. Once more, ho
ever, the measurement indicates a stronger outward re
ation than the profile calculated with the use of the indiu
concentrations found from the XSTM measurements. A b
ter fit can again be achieved by using an increased ind
concentration of 17.1% for QW II.

IV. DISCUSSION

Agreement is good between the theory and experime
at a qualitative level. The prediction that the lattice const
of the GaAs should be unaffected on the surface, while
of the quantum well is changed by a constant factor,
strongly supported. Similarly, the shape of the outward d
tortion of the cleaved surface is described well. The disag
ment is in the magnitude of the distortion, with the calcu
tion predicting about 80% of that measured in t
experiments. We now consider some possible reasons for
discrepancy.

First, it could be possible that the XSTM measureme
are unrepresentative of the bulk because of artefacts ar
from cleavage, for example, the desorption of indiu
Against this we note the good agreement between the t
determinations of the indium concentration summarized
Table I and the fact that no defects or vacancies are obse
in the XSTM images. It also seems unlikely that the estim
of the width is influenced by the extreme slope of the surf
at the edges of the well@Eq. ~2!#. The problem probably lies
in the way a cleaved surface behaves, the way it is ima
during the STM measurements, or in one of of the assu
tions on which the calculation is based.

~1! During filled states imaging, only the arsenic latti
is visible in the STM images and the indium atoms in the
layer of the cleaved surface are therefore not visible. Ho
ever, an indium atom in the second layer, which is mu
larger than a gallium atom, will push up the arsenic atom

FIG. 7. Outward relaxation profile of the double quantum well, compa
with calculations of the outward relaxation. Image voltage23.0 V, current
0.110 nA.
Downloaded 16 Mar 2009 to 131.155.109.90. Redistribution subject to AI
all
of
e,

l
ll
-
-
x-

t-
m

ts
t

at
s
-
e-
-

his

s
ng
.
ee
n
ed
e
e

d
p-

p
-

h
n

the top surface layer by about 16 pm in the STM imag
This will give an increase of the measured relaxation pro
in the quantum well, which is not included in the calculatio

~2! When a~110! surface of a III–V semiconductor is
cleaved the surface reconstruction and buckling angle of
surface depend on the composition of the cleaved layer.
resulting reconstruction of the arsenic lattice is 10–20
larger for a cleaved InAs surface than for a GaAs surfac14

This again will give an extra increase in the measured re
ation profile of the quantum wells during filled states ima
ing.

~3! The effects mentioned in 1 and 2 are given for pu
InAs and GaAs. When considering a layer with an indiu
content of about 17% the resulting total extra measured
ward relaxation in QW II will be about 6 pm. When includ
ing this in the calculation, a much better fit with the calc
lated 17.1% indium content profile is obtained, especia
inside the actual quantum well region. This is, however, s
in disagreement with the indium content of 14.4%, which n
only has been determined locally by STM, but also by te
niques that determine the average indium concentration o
larger scale, PL and XRD.

~4! It has been assumed that the elastic constants are
same throughout the sample, but InAs is considerably
stiff than GaAs. At first sight this might be expected to ma
the calculated deformation larger, but the opposite is
case. The reason is that the applied pressureP depends on
the elastic constants of thewell. Thus a less stiff well leads to
a lower force, and the displacement is reduced by the st
cladding layers.

~5! The theory is for isotropic elasticity but the materia
are cubic. An analytic calculation is possible11 but we have
not yet attempted it. The expression for the pressure requ
to force the well to match the cladding layers becomesP
5e0E/(12n)5e0(s111s12) in a cubic material. We have
used a value of Poisson’s ratio consistent with this,n
52s12/s1150.31 for GaAs, andP therefore already has it
correct value allowing for cubic symmetry. This is an e
treme value ofn, however, and an angular average might
more appropriate when calculating the subsequent relaxa
at the cleaved surface. The result is^n&'0.25, which would
reduceboth the strain in the plane of the surface and
displacement according to Eqs.~1! and ~2!.

~6! We have assumed that the linear theory of elastic
can be used, but the strains of over 1.5% may render
invalid. Unfortunately we are not aware of any calculatio
that employed nonlinear elasticity. The crucial feature wo
be an enhanced value ofP to increase the distortion. Nonlin
earity would be strongest very near to the surface and wo
therefore have a smaller effect onuy(z), which depends on
the integral over strain as a function of depth. The similar
between the errors inezz(z) and uy(z) is evidence agains
significant nonlinearity.

~7! There may be forces at the interfaces between G
and InAs, and at the exposed surface, as a result of inter
and surface energies. Any such forces would have to be
nificant compared with 2Pa'8 Nm21.

~8! Finally, we have neglected piezoelectric effects15

The coupling is weak enough that there should be no sign

d
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cant effect on the elastic field itself, but the piezoelect
potential could influence the STM. Against this, it see
unlikely that the lattice constant in the plane of the surfa
would be affected.

We are unable to explain the discrepancy at present
plan to investigate the effect of different elastic constants
cubic symmetry more carefully.

V. CONCLUSIONS

A simple method has been described for calculating
elastic field around a strained quantum well at a clea
surface and compared with cross-sectional scanning tun
ing microscopy. The normal displacement may be parti
larly useful for interpreting atomic force microscopy at low
resolution and an integral transform can be used to reco
the variation of composition from measurements of the sl
of the surface.

The strain in the plane of a cleaved surface and the n
mal displacement have been measured by XSTM fo
sample containing two InGaAs quantum wells in GaAs. T
composition of the wells was determined by counting indiu
atoms on the surface and confirmed by x-ray diffraction a
photoluminescence. Qualitative agreement between the m
sured distortion of the surface and the calculations is go
The strain in the plane of the surface is found to be cons
within a well and vanishes in the cladding, as predicted
the theory, and the shape is also consistent. However,
calculations predict only about 80% of the displacement
rectly measured by XSTM. This discrepancy can be pa
explained by the larger size of the indium atoms and
different buckling behavior and surface reconstruction up
cleavage, which cause a different relaxation behavior of
GaAs and InGaAs layers. We have been unable to determ
the reason for the remaining discrepancy, although the
sumption of isotropic symmetry in the calculation see
most likely.
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