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Composition, volume, and aspect ratio dependence of the strain
distribution, band lineups and electron effective masses in self-assembled
pyramidal In,_,Ga,As/GaAs and Si,Ge;_,/Si quantum dots

M. Califano® and P. Harrison
Institute of Microwaves and Photonics, School of Electronic and Electrical Engineering,
University of Leeds, LS2 9JT-Leeds, United Kingdom

(Received 19 March 2001; accepted for publication 20 August 2001

We present a systematic investigation of the strain distribution of self-assembled pyramidal
In,_,GaAs/GaAs and SiGe, _, /Si quantum dots for the case of growth o081) substrate. The
dependence of the biaxial and hydrostatic components of the strain on the quantum dot volume,
aspect ratio, composition, and percentage of alloyirggstudied using a method based on a Green’s
function technique. The dependence of the carriers’ confining potentials and the electronic effective
mass on the same parameters is then calculated in the framework of eighkt-tyaititeory. The

results for which comparable published data are available are in good agreement with the theoretical
values for strain profiles, confining potentials, and electronic effective mass2002 American

Ingtitute of Physics. [DOI: 10.1063/1.1410318

I. INTRODUCTION h its heigh} and compositior{percentage of alloying) on
High strain epitaxy has now become a standard techthe hydrostatic and biaxial strain components and on the re-

. . : . . lated carrier confining potentials and the electronic effective
nigue for the production of quasi-zero-dimensional systems

via Stranski—Krastanov growthDue to the lattice mismatch g]iaéz n /Z?”_jass; ?]b:jeci $g)|/3r:)mflg?|tlr§i?£séfagi\nﬁngn
between deposited material and substrate, the system is upX = 1~X q ' g

. . L . a (001) substrate. The article is organized as follows. In the
der high strain, which is partly relaxed by the elastic defor- : . .
. . ’ . . next section we describe the model used for the calculations.
mation leading to the formation of three-dimensio(3D)

islands. The strain is therefore a key feature of the dots anlé: Sec.. Nl we present ;md discuss our results .and compare
em with previous available theoretical calculations. Sec. IV

causes large changes in both the band profiles and the carrier .. .
. X . . contains the conclusions.

effective masses, if compared with the bulk values, which

become functions of position inside the dot. Islands of vari-

ous sizes and shapes have been repdrtédepending on

the epitaxial method and on the particular growth conditions|l. MODEL

such as temperature, gr_owth rate, etc. B_ut be_sides the si;s\e. Strain distribution

and shape, another crucial parameter varies with the growth

conditions: their composition. In fact it is now believed that ~ The strain distribution is calculated by means of the

even though it is possible, in principle, to achieve the formaGreen’s function techniqué,and takes into account the an-

tion of, say, pure InAs islands on a GaAs substrate by folisotropy of the elastic properties in cubic crystals. The Fou-

lowing a careful(i.e., low temperature, low growth rate rier transform of the strain tensor for QDs with cubic sym-

growth procedure, the capping process, besides altering tHaetry ist

dot shape;’ decreases the InAs composition in the islands

to 60%—709% The problem is that the InAs percentage in £ij(€&)=eoxapn(€)

the dot may not be constant, either, but may decrease from (Cyi+ 2C 1) £ £ 12

the top to the base of the pyranfid A way to overcome this x| & — 1 127515) ,

uncertainty about the composition could be to grow : 14 (Cppt Can)S3 &

In, GaAs with x=0.5 directly from the start, which, under 127 TERTIC 2+ Conk

certain conditions, should give dots with virtually the same ) )

compositiont® avoiding any problems in the determination XE § I § 1)

of the InAs content. The alloy island, due to the value of its 2| Cyaé?+ Cangiz Casé?+ Cargj? '

lattice constantintermediate between that of pure dot mate-

rial and that of pure substratés expected to exhibit a dif-

ferent strain configuration compared to the pure dot material,here C11,C12,Cas are the elastic moduli an€ = Cy;
[l l an

In this articl_e we will investiggte the influgnce of vol- —Cy,—2C,, (We use the elastic constants of the matrix for
ume, aspect ratitQ =b/h, whereb is the pyramid base and o4 got and matrix material, as suggested by Andreev

et al.™ on the basis, among other considerations, of Keyes’
dElectronic mail: eenmc@electeng.leeds.ac.uk scaling relationshil?)
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as—agp
g0o= g — 2
QD 0.04 -
whereag andagp are the lattice constants of the substrate

and the QD materials, respectivelyop(¢) is the Fourier

£
transform of the dot characteristic functiGequal to 1 inside 8 -004
the dot and 0 outside @ 008
e & Lx L '
ey = — — —_—— —_ —y -012 F T 2 05( X yy)
Xeol&)=~ % & [ E( n&s~op 6 2n 52) R e e
Lx Ly 0180 200 300
—E(h,fs_ﬁfﬁ ﬁfz) <A

FIG. 1. Hydrostatidfull line) and biaxial(dotted ling strain components as

Lx Ly a function of position along the height of an InAs pyramid with aspect ratio
—E| NGt o656 Q=1 (h=60A).
h Lx Ly
TE[h.&st ﬁgl—’_ ﬁgz ®) AE[;n,lav:"E'lu(gxx'*_"‘Jyy'}""/‘zz)u (11
and AESN=—15E%" (12)
E(a,x)=(e'*=1)/ix. (4) o111, L9 ES
. . . AE}'= — s Ag+ =SB+ S| A§+ AgSES™+ —(SES :
We point out that the expression we use for the Fourier trans- " 27°" 4 2|70 70 4 )
form of the dot characteristic functidiEq. (3)] is different (13

from that reported in Ref. 11. That may partially account for 1 9
the better agreement we obtain for the biaxial componentES'= — 580+ ZéESh— > A3+ Ay SESM+ Z(5E5h)2 :
with microscopic atomistic calculations of the strain distri- (14
bution, such as those reported by Cusack, Briddon, and

Jarost® and Jiang and Sing!{, that used the valence force WhereA is the spin-orbit splitting in the absence of strain.

1/2

field model by Keatinf and Martin’ The strain-dependent shiSES" depends on the interface
It is interesting to mention that expressign is obtained ~ orientation. In the case of growth on(@01) substrate

by adopting for the strain the initial condition SESh= b(26 2~ &xx—Eyy), (15)
&ij=€00ij, (3 whereb is the shear deformation potential. The hydrostatic

which implies a compressive strain along both the in-planetrain componentsee Fig. 1
and growth directions, unlike the case of pseudomorphic
growth of strained layers where to a compressiiensile
in-p]ane strain Corresponds a tens[mmpressivk strain leads therefore to a shift of both the average valence-band
along the growth direction. If we try to force the same initial €€rgyE, »y and the conduction-band energy (a, anda,
condition for a pyramidal system, the strain component along'e¢ the respective hydrostatic deformation potentials
the growth direction is always positivéensile even at the Whereas the direction and magnitude of the splitting of the
tip of the dot, in contrast with all the previously published light-, heavy-hole and split-off bands depend only on the

Ep=exxTEyyT € (16)

theoretical results. biaxial strain(see Figs. 1 and)2
B. Band lineups 17
Starting from the hydrostatic and biaxial components of .
the strain, we calculated the band-edge energies at the Bril- _ vy
louin zone centerK=0). In the framework of the eight- e~
bandk- p theory the energy shifts are given by < 081 Eearon
= ~——- Light hole
AE.=AEY, (6) 2 os A
AEn=AE,+ AER, Y orl = AL
prmsmmill ] \ o EmEmmm——
AE,=AEY, +AE, (8) v
h <h 300 200 300
AEs=AE) +AES, (9) z(A)
where FIG. 2. Electron(full line), heavy-hole(dotted ling and light-hole(dot-
dashed lingband edges as a function of position along the height of an InAs
hy_
AEcy— Ac(&xxt eyyt €22), (10 pyramid with aspect rati®=1 (h=60A).
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TABLE |. Material parameters. Lattice constaat(in A); elastic constant€;;, C;, and Cy, (in units of
10" dyne cm%; Ref. 19; Average valence-band energy ,, and hydrostatic deformation potentials anda,
(in eV, Ref. 20; band gafE, (in eV; Ref. 23, spin-orbit splittingA,, and shear deformation potentia(in eV,

Refs. 19 and 28

a Cu Ci Cus Eyav Ao Eqy a, ac b
InAs 6.058 0.83 0.45 0.40 -—6.67 0.38 0.42 1.00 -5.08 —-1.8
GaAs 5.653 1.18 0.54 059 -6.92 0.34 1.519 1.16 -7.17 -1.7
Si 5.431 1.675 0.650 0.801 -7.03 0.04 1.17 2.46 4,18 -21
Ge 5.658 1.315 0.494 0.684 -6.35 0.30 0.74 124 -154 -29
Ep=28,,~ Exx— Eyy- a7

Finally, we have

E.= Ev,av+%+Eg+AE';V, (18)
Enn=Epat 3 S +AEp, (19
En=E, avt %+AE|h, (20
Eso=E, at % +AE,. (21)

The values of the average valence-band endfgy,, the
band-gap energiy, the split-off energyl,, the deforma-
tion potentialsa., a,, andb, the lattice constard and the
elastic moduliC,;, C;, andC,, are reported in Table I.

C. Conduction-band effective masses

For a nondegenerat@part from spiin band edge with
energye, the dispersion relation for smatlis parabolic ink
in the vicinity of theT" point*

=€t = 2 Kk, aﬁkﬂ, a,B=X,Y,Z, (22
where
1 1 wl ol
< =—5a + _— 23
Iu,nB A mgr’rgn €n0— €mo 3
W%n:f . u:opaumodr (24)
unit cell

and the spin-orbit term proportional tex VV in 7 has been

neglected. For the conduction-band edge associated with the

anti-bondings orbitals (I'g symmetry, considering only the
contributions of the(quadruplet statesm=1"g (heavy and
light holes and (double} m=1I"; (spin-orbit split-off bang,
the effective mass can be expressetf as
1 —1+4P2+ 2P? -
M, M 3e  Begt A’ 29

whereP is the interband matrix element

.y i —i
P= m—0<s| Py X)= m—O<S| pylY)= m—0<S| PlZ). (26

From Eg.(25) we obtain

Mr_\ 342E,(E,+ A
Pzz(l——e) o(Eg*Ao) (27)
Mo | 2mp (3E¢+2A0)

Since in the present caser <mg, the termmp /mqg has
been neglected. Substituting E@7) (obtained in the ab-
sence of straininto Eq.(23) (where all the matrix elements
considered in the summation are proportionaPjp assum-

ing thatP does not change significantly with strain, we ob-
tained the strain-dependent expression for the effective mass
tensormf; (the in-plane and perpendicular components are
displayed in Fig. 3

11 2E4(Eq+Ao)
me(r) mMr, [ (8Eg+2A0)(Ve(r) = Vi(r))

Egq(Egt+Ao)
(3E T240)(Ve(r) = Vsdr))

1 E4(Eg+Ag)  [3Ve(r)—Vip(r)—2Vsdr)]
- mp (3Eg+24¢) [Ve(1) = Ved DIIVe(N) = Vin(N)]

(28)

—— in-plane mass
----- perpendicular mass

100 200 300

z(A)

FIG. 3. In-planeg(full line) and perpendiculaidotted ling electron effective
mass components as a function of position along the height of an InAs
pyramid with aspect rati@=1 (h=60 A).
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1 1 2E4(Egt+Ao) 0.29 V(1) = V(N[ Ve(r) —Vsd 1) ]
mi(r)  mp, (3Eg+2A0) [[Ve(r) =Vi()IIVe(r) =Vsd N[ Ve(r) = Vin(r)]
0.79V¢(r) = V(N[ Ve(r) —Vsd )] 0.3 Ve(r) = Vin(H1[Ve(r) = Vin(r)]

Ve = Vi DTVl = Ved DIVl = Vi) [VelD) = Ve DIV = Ved DIV —Vin(D])” 29

where mr, is the bulk electronic effective mass. A similar Hamiltonian (which takes into account three more conduc-
approach to the electron effective mass tensor was used Bign bands, but in this case we would not know all the de-
Fonsecat al.?> who, nevertheless, did not take into accountformation potentials for the higher bands.

the coupling with the split-off band.

D. Valence-band effective masses

. . E. Alloys
Unfortunately the same treatment is unsuitable for the

valence-band statdd; andT';, because they do not couple ~ The lattice constant for the ternafy) alloy In; - ,GaAs
with each othef® In other words, the matrix elements (of the formAB,C; , or binary SjGe, ,,[B«C; 4]) was
<UF7s|k'p|uF7a> are zero for parity reasorthey are of the obtained from Iinea.r interpolation of that of the bingi®)
type (n|p*+pY+p?m), where|n),|m)=|X),|Y),|Z), and constituents according to Vegard's [&w
the operatop“ does not connect any of those statemless
the contribution of highefremote valence(and/or conduc-
tion) bands is taken into account in the summation of Eq.\NhereaS for parameters such B@l Ev,av and AO we used
(23). This could be regarded as a higher order contribution sgne quadratic approximation
that in the first approximation the heavy-hole effective
masses could be considered to be independent of strain. Tagc(X)=XBpag+(1—X)Bac+X(1—X)Cage, (31

The problem is that according to Cusack, Briddon, and ) ) o
Jarod® the heavy-hole effective mass value in the dots is fapVhereC is the bowing parameter, which is constant Ey
from both the bulk and the quantum well values: their esti-and A0  (Cg (In;,GaAs)=0.38, C, (In; ,GaAs)
mate formy,, (derived by performing empirical pseudopo- = 0.15)?' For SiGe; , the composition dependence of the
tential andab initio local density calculations for the InAs Vvalence-band spin orbit splitting is line&rand since the
band structure under strain, near the center of a pyramid witHots are of type I, i.e., the electrons are not confined inside
h=60A andb=120A), is 0.59, while the isotropic bulk the dot but in the substrate, there being no need for great
value ismy,,=0.40. Strangely enough, the two-dimensionalaccuracy in the determination of the conduction-band profile,
(quantum well system valuemhhvz=(71—27/2)’120.263 we have used a simple linear relationship for the band gap
(according to Chuanty, but 0.345 according to the values for €nergyEy as wel). ForE, ,, the bowing parameter depends
v, and v, reported by Jiang and Sintfh (which is the one on the hydrostatic deformation potentials of the binary
suggested for the dots by p approachis not intermediate constituent¥’
between the zero-and the three-dimensional system ones.

aapc(X) =Xapgt+(1—=X)aac, (30

Aa

In the framework ofk - p theory in order to obtain non- C .~3Aa (32)
. v,av v 1
zero matrix elements we should use at least a 14-band as
a b c
o ) -—— b . )
0.07
0.05 S 605,48, %
' ~ - 0.06 ‘
0 >y = Electron _ ]
c L | =30 A ~ in-plane mass |
T P — h=60A £ 005
7 00 g ----- h=100A Light hole he
UCJ 05} - h=150A g
-0.4 004 ... oA
— k60 A _ ~—— k=60 A
015 — 1004 f 0 - h=100 A !
—eee J150A § Heavy hole 003 - H=150A perpendicular mass
4 05 0 05 1 15 2 4 05 0 05 1 15 2 - 0 1 2
o 7h 7h

FIG. 4. Hydrostatic and biaxial strain, band edges and electron effective (masisne and perpendiculacomponents as a function of the normalized
position along the height of the pyramid, for InAs structures with aspect @#id and height of 30 Adashed lines 60 A (full lines), 100 A (dotted lines,
and 150A(dot-dashed lings
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b)

0.07

)
> 0.06
£ \; -
@ o g
7] ¢ .
c £ 005
w
0.04
A 0 1 2
7h

FIG. 5. Hydrostatic and biaxial strain, band edges and electron effective (inasisne and perpendiculacomponents as a function of the normalized
position along the height of the pyramid, for InAs structures with aspect @#id (full lines), 2 (dotted line$, 3 (dashed linesand 4(dot-dashed lings

where last subsection, where we study the effect of varying the dot
composition accounting for 30% and 50%=0.3 to 0.5

Aa,=a,(AB)—a,(AC 33 . . .
v=3,(AB) ~2,(AC) 33 substrate alloying. Three experimental InAs structures with
and aspect ratios ranging from 1.4 to 4(#hich explains our
Aa=a(AB)—a(AC). (34) choice of the range of variation f@) have been considered

as well.

IIl. RESULTS AND DISCUSSION
] S ) ] A. Volume dependence
This section is divided into three subsections each of

which analyzes how the dot properties we are interested in N Fig. 4@ we show the variation with volume of the
(i.e., strain distribution, band lineups and electron effectiveydrostatic and biaxial component of the stréas in Refs.
mass tensgrchange by varying a different parameter. We 13 and 14, we plot,,—0.5(et &yy) = £,,/2 instead of the
present an investigation of their dependence on the volumdull biaxial strain ep) for InAs structures with aspect ratio
for a fixed aspect rati@=1, in subsection Ill A, and on the Q=1, as a function of the normalized position along the
aspect ratioffor a virtually constant volumein subsection height of the pyramid. As the volume varies from 36 000 A

11 B, for dots with pure InAs composition. Their behavior as to 4500000 &, the overall shape of the curves does not
a function of both the variables is, nevertheless, general aneghange, whereas the values of both components depend
can be applied to other lattice mismatched, pseudomorphiveakly on the volume. This dependence is more pronounced
cally grown heterostructures. Therefore, since the great maiear the base and the tip of the pyramid and reflects itself in
jority of experimental Si/Ge QDs haw@ of about 4—7°=32  a similar difference in the band lineupBig. 4(b)] and elec-
(values for which both strain and band edge profiles aréron effective mass componerjtsig. 4(c)].

rather constant inside the dot, as can be seen helegvdid The curves we obtain for both electron confining poten-
not repeat the calculations for this material. We preferredtial and effective masses of the structure withk 100A and
instead, to present strain and band edges for experimental=200A are in agreement with those reported by Fonseca
samples, and compare them for different Si contents in thet al.?® (the agreement is excellent for the electron band

a) ‘ . , b)

0.05

0.01

FIG. 6. In-plane(e,, , solid lineg and
perpendicular (e,,, dashed lings
strain components, as a function of the
position along the height of the pyra-
mid, for InAs structures with aspect
ratio Q=1 andh=60A (a), and Q
=4 andh=25A (b).

-0.01

Strain
Strain

-0.05

. 003

-0.05
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TABLE Il. Electronic in-plane and perpendicular effective massesinits
of my) and carrier confining potentialgn meV) calculated in the center of
the pyramid {©/2) for InAs structures with aspect rati@ ranging from 1
(four structures with different volumgso 4.

M. Califano and P. Harrison

TABLE IIl. Average values of the electronic in-plane and perpendicular
effective massefin units of my) and carrier confining potentialgn meV)
for InAs structures with aspect ratf@ ranging from 1(four structures with

different volumeg to 4.

Q me (h2) mg(h2) Ec(h/2) En(h/2) Epn(h2) h b Q  (me) (Mg (B (Ew (Ep) h b

1 0.049 0.047 393 216 146 30 60 1 00474 00478 391 188 211 30 60
1 0.049 0.047 393 216 144 60 120 1 00466 0.0480 395 176 219 60 120
1 0.049 0.047 394 213 147 100 200 1  0.0470 0.0469 404 197 200 100 200
1 0.048 0.046 410 214 152 150 300 1  0.0460 0.0458 423 200 203 150 300
2 0.048 0.044 422 279 140 40 160 2 0.0488 0.0458 408 253 157 40 160
3 0.048 0.043 428 311 150 30 180 3 00491 00457 414 294 147 30 180
4 0.047 0.042 442 329 159 25 200 4 00485 0.0434 427 314 152 25 200

edge, for which we obtain the same value at the center of th

pyramid. Note that in Ref. 25 on theaxis the distance is
measured from the top, whereas in the present article we The situation is completely different when we keep the
measure it from the bottomNevertheless, if we use their volume virtually constant and vary the aspect rat@ be-

expressions for the effective mass@ghich are similar to
ours but neglect the coupling with the split-off banthe

if compared to those obtained with our expressigtiey
themselves mention that the electronic energy levels oband b=127 A, which, as can be seen in Fig(a4 does
tained with their procedure are 5%—10% higher than the exnot introduce any detectable variation in the strain curves.
act values, if compared with an eight-bakedp calculation.
In fact, neglecting the coupling between the light-hole andhe biaxial strain becomes negative at about 2/3 of the pyra-
the split-off bands can lead to an error in the light-hole en-mid height. This means that thg, strain tensor component
ergies comparable to the light- and heavy-hole energy splitequals thee,,=¢,, one (pure hydrostatic pressyrat that
tings which could be several tens of meV and too large to bgoint, in excellent agreement with the results reported
ignored®® This, in turn, is expected to affect the value of theby Cusack and co-workef§.As a consequence of this
electronic effective mass componentd we compare the
value for the perpendicular component of the effective masfeavy-hole band edge becomes lower in energy than the light

in the center of the pyramid reported in Ref. @#e choose

overestimate is about 4%.

sack, Briddon, and Jards.

Strain

0.05

-0.05

-0.15

—— sample M
-—— sample N
---- sample §

LN - 05(ere)

-1 0

S. Dependence on Q

tween 1 and 4as shown below, this variation covers most of
the experimental samples obtained so far by epitaxial
results of the calculations consistently overestimate the efgrowth). The largest variation in volume is from 288 000
fective masses by about 6% for all the structures considered 341 333 &, which correspond to a variation of the dimen-

sions of the dot fromh=60A andb=120A, toh=63.5A

Figure 5 displays the results of our calculations. Eor 1

change of sign of the biaxial componeisee Fig. %), the

hole one[see Eq(12)]. For higherQs this transition occurs
this point to conform to the choice of Cusack, Briddon, andmuch nearer to the tifat about 1/10 of the height from it, for
Jaro$®>1® with the value in the same point from Fig. 4, the Q=2, and at the tip, folQ=23,4). The strain profile forQ
=4 is in agreement with that reported by Cusack and
The average value of the effective mass of all threeco-workers® for a structure of the same dimensions, where
structures, which is a factor of 2 larger than the bulk valueno region of purely compressive stress was found within
(see Table N, is in agreement with that calculated by Cu- the dot, and therefore the heavy-and light-hole potentials
were well separatefhs in Fig. b)]. Moreover, the biaxial

b)

Energy (eV)

— sample M
~— sample N
—-—- sample 8

0.08

0.07

Electron
0.06

m,, (my)

Heavy hole
7 0.05

0.04

-1

0.03

c)

perpendicular ma|

in-plane mass

~-- sample N
--—- sample §

-1 0

1 2
7h

FIG. 7. Hydrostatic and biaxial strain, band edges and electron effective (asiane and perpendiculacomponents as a function of the normalized
position along the height of the pyramid, for InAs experimental structures with aspecQratio4 (dotted line$, 2.8 (full lines) and 4.5(dot-dashed lines
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TABLE IV. Electronic in-plane and perpendicular effective madgesinits TABLE V. Average values of the electronic in-plane and perpendicular ef-
of my) and carrier confining potentialgn meV) calculated in the center of fective masseéin units of my) and carrier confining potentialg meV) for

the pyramid b/2) for three experimental InAs structures with aspect r@tio  three experimental InAs structures with aspect r@icanging from 1.4 to
ranging from 1.4 to 4.5since the last pyramid has a rectangular base we4.5 (since the last pyramid has a rectangular base we report both dimen-

report both dimensions sions.

Q mg, (h/2) mey(h/2) E(h/2) Epy(h/2) Ep(h/i2) h b Q (mg) (Mg (Eo) (Ewd (B h b

1.4 0.049 0.045 414 253 135 70 200 1.4 0.048 0.046 408 228 173 70 200
2.8 0.046 0.042 463 300 150 70 400 2.8 0.047 0.042 454 287 151 70 400
4.5 0.047 0.041 452 332 161 30 300-250 4.5 0.047 0.042 442 321 156 30 300-250
aReference 33. “Reference 33.

PReference 34. bReference 34.

‘Reference 35. ‘Reference 35.

strain maximum increases wit), whereas its minimum the dot. As a consequence, no crossing between the heavy-
decreases. Another interesting feature is that with increasingnd light-hole bands occurs within the dot and the region of
Q the depth (both absolute and measured in units ofthe substrate above it where the barrier matetigl stays
the pyramid height of the region of substrate above the negative(i.e., where the barrier materiallattice constant is
dot where the biaxial strain component is nonzero also insmaller than the unstrained oniecreasedin other words,
creases. In other words, the lower the heighe flatter the  since thez component of the strain at the pyramid tip is still
pyramid the deeper the effect of the strain on the substratéensile, the region immediately above it must be under a
above it. compressive strain along that direction

These differences in behavior for differe@is (as op- This is a factor that has to be taken into account when
posed to the almost unchanged shapes of the curves for distacked arrays of self-assembled QDs are grown. Hjgh
ferent volumey can be explained in terms of the different dots will, in fact, require thicker spacing layers to be consid-
effects the surroundingsubstrate and barriematerial pro- ered isolatedelectronically decoupledthan needed by low
duces on dots of different shape. For @bk the in-plane Q dots. On the other hand, if one wants to achieve vertical
lattice constant is compressed by the substrate near the basggnment and coupling of QDs by exploiting the strain cou-
[which gives a negative,, and a positives,, component, pling effect, the growth of high or lovQ dots allows the
see Figs. @) and Gb)]. For low Q structures, however, as spacing layer to be tailored to suit any particular device re-
one moves towards the tip, the barrier material that surguirement.
rounds the dot compresses the perpendicular lattice constant Even though Fig. 5 seems to suggest a similar increase
as well, producing a region where bath, ande,, are nega- also in the region below the pyramid, this effect is only due
tive, till, nearer to the apex, the,, component becomes to the normalization. If plotted on an absolute scale, there is
positive[as in Fig. &a)]. High Q pyramids, instead, are flat- no difference in the extension of this region for the different
ter and the compression caused by the substrate to the sideslues ofQ considered here.
is not enough to produce any change in sign of the strain Both the hydrostatic and the biaxial components are in
tensor components. This means thgtat the pyramid tip is good agreement almost everywhere with microscopic atom-
still positive [i.e., the dot perpendicular lattice constant isistic calculations of the strain distribution such as those re-
still larger than the unstrained one, as in Figh)§ and there- ported(for a structure witth=60A andb=120A) by Cu-
fore no region of pure hydrostatic pressure is found withinsack, Briddon, and Jard3.and Jiang and SingH,that used

a) b) : : c
0.05 0.07 _,/.
; 0.06 —— =00
£ 3 = — =03
[ > g —-- =05
A
i -005 2 ‘E: 0.05
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0.04 in-plane mass
perpendicular mass
-0.15 . . 0.03 - -
100 200 300 100 200 300

z(h)

FIG. 8. Hydrostatic and biaxial strain, band edges and electron effective(inggdane and perpendiculacomponents as a function of the position along the
height of the pyramid, for In_,GaAs structures with aspect rat@=1 (h=60A) and GaAs compositior=0 (full lines), 0.3 (dotted line$ and 0.5
(dot-dashed lines

Downloaded 02 Nov 2006 to 129.11.76.129. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



396 J. Appl. Phys., Vol. 91, No. 1, 1 January 2002 M. Califano and P. Harrison

TABLE VI. Electronic in-plane and perpendicular effective maggesinits TABLE VII. Average values of the electronic in-plane and perpendicular
of my) and carrier confining potentialén meV) calculated in the center of effective masseéin units of my) and carrier confining potentialgn meV)
the pyramid 6/2) for In,_,GaAs structures with aspect ratQ@=1 and for In,_,GaAs structures with aspect ratiQ=1 and GaAs composition

GaAs compositiorx=0, 0.3 and 0.5. x=0, 0.3 and 0.5.

X mg,(h/2) mg(h/2) E,(h/2) Ep(h/2) Ep(h/2) h b X (me.) (M) (Eo)  (Ew  (Em h b
0.0 0.049 0.047 393 216 144 60 120 0.0 0.046 0.048 395 176 219 60 120
0.3 0.053 0.052 146 150 99 60 120 0.3 0.052 0.052 148 123 142 60 120
0.5 0.058 0.057 42 106 69 60 120 05 0.057 0.057 44 87 97 60 120

the valence force field model by Keati']rfi’gind Martin!’ The  variable with position(i.e., more potential-well-likeinside
maximum value for the biaxial strain we calculate at the bas¢he dot. All this has the effect of decreasing the value of both
of the pyramid is, nevertheless, about 30% lower than thathe electronic effective mass componemts, andm, ; with
reported in the cited work&ee Fig. L This is expected to increasingQ.
affect the biaxial-strain-dependent sh¥Es" between the va- In Tables Il and Il we present the results of our calcu-
lence bands at that point. Comparison with the hole potentidhtions for the electronic in-plane and perpendicular effective
profiles reported by Cusack and co-workers in Ref. 18 showsnasses(in units of mg) and carrier confining potentials
that the light-hole band edge at the base of the dot for théin meV) (both on average and calculated in the center of the
structure withQ=1 in Fig. 2 has actually a value about 20% pyramidh/2) for InAs structures with aspect rat@ ranging
lower than that resulting from their calculations. The samerom 1 (four structures with different volumgs$o 4.
comparison for the structure witQ=4 reveals that, even The value of the perpendiculdr.e., along the growth
though the overall shape of the band edge profiles shown idirection electron effective mass calculated in the center of
Fig. 5 is in agreement with that reported in Ref. 18, ourthe pyramid decreases by about 2% with increasing volume
calculated values are underestimated. for a fixedQ (and up to twice as much with increasi@y, in

If, on the other hand, we compare our resufsy. 4, passing from the first structure to the fourth, whereas the
dashed lingswith the strain profiles reported by Andreev in-plane component has a similar behavior with increasing
et al.*! for a pyramid withb=60A andh=30A, we find volume but a greater decrea&hout 10% with increasing
that both the strain components are in very good agreemel@, if we compare the same two structures. The electron con-
almost everywhere except at the tip of the dot where thdining potential in the dot center increases by more than 12%
biaxial strain value they calculated is about 70% higher thawith Q increasing from 1 to 4, and by about 4% increasing
that shown in Fig. 4, whereas the agreement is still good fothe volume from 36000 to 4500000%&or Q=1. The
the hydrostatic component. This discrepancy is hard to exheavy-hole band edge position in the center of the pyramid
plain, since we use the same expression for the Fourier translightly decreases with increasing volume, whereas it in-
form of the strain tensor. However, the choice of other pacreases by more than 50% whenhpasses from 1 to 4. A
rameters such as the integration domain and the number sfmilar behavior is found for the average values of these
sampling points for the calculation of the three-dimensionalquantities.
inverse Fourier transform integral in the momentum space In Fig. 7 we compare the strain, band edges and effective
may have affected the results. masses profiles for three experimental InAs QDs grown by

The most relevant feature about the band edges tha&chmidt et al.,*®* Murray etal.®® and Noda, Abe, and
emerges from the comparison among the curves in Fig. 5 iSamura®® respectively, with aspect ratios ranging from about
that with increasind the overall depth of both the electron 1.4 to about 4.5. The relevant quantities are reported in
and hole confining potentials increases and becomes le§ables IV and V.

: : a) b)
1.75 ”
&, 0-5(5u+ 5W) Electron
0.03 ) _
- 125y T FIG. 9. Hydrostatic and biaxial strain
< componentga) and band edge profiles
c 2 Heavy hole (b) as a function of the position along
g 2 0751 — =00 ) the height of the pyramid, for experi-
< = e 203 -~ Light hole . :
@ o R | mental SjGe,_,/Si structures (see
0 ' S— ) Ref. 30 with aspect ratidQ=6 and Si
00 \ sl = - Spl-of compositionx=0 (full lines), 0.3 (dot-
iy ‘ ' E— ted line$ and 0.5(dot-dashed lings
e 05 €t € E,
-0. . - -0.25 ' -
0 061 00 200 300 100 200 300
(A ()
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FIG. 10. Hydrostatic and biaxial strain
componentsa) and band edge profiles
(b) as a function of the position along
the height of the pyramid, for experi-
mental SjGe, ,/Si structures (see
Ref. 29 with aspect ratidd=>5 and Si
compositionx= 0 (full lines), 0.3 (dot-
ted lines and 0.5(dot-dashed lines
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C. Alloying IV. CONCLUSIONS

When alloying(or intermixing occurs during(or after We have presented an investigation of the strain distri-
the growth process, the lattice mismatch between substrataution of self-assembled pyramidal,lnGaAs/GaAs and
and dot material is reduced, with a consequent proportiongbi,Ge, _,/Si quantum dots in the case of growth orf0®1)

(we only consider alloys with uniform compositioreduc-  substrate, where the dependence of the biaxial and hydro-
tion of the strain induced by it. This is shown in Fig. 8, static components on the quantum dot volume, aspect ratio,
where we compare biaxial and hydrostatic strain forcomposition and percentage of alloyin@pas been calculated
In,_,GaAs pyramids withQ=1 (h=60A) and a GaAs using a method based on the Green’s function technique.
compositionx=0, 0.3 and 0.5. The dependence of the carriers’ confining potentials on

If we consider the energy lineups, it is apparent that withthe same parameters has then been calculated in the frame-
increasing GaAs composition both electrons and holes bework of eight-band - p theory. In this framework we derived
come progressively more weakly bound, due to the reducedn expression for the electron effective mass in-plane and
difference in the carrier band edge positions between sulperpendicular components which takes into account the cou-
strate and alloy dot. The electron confining potential underpling with the spin-orbit split-off band and demonstrated the
goes the largest variation, decreasing from an average valugportance of this inclusion by comparing our results with
of about 400 meV fox=0 to a value of only a few tens of other published data, where this coupling is neglected.
meV (about 40 meV for x=0.5, which, according to our Good agreement is obtained from the comparisamere
calculations is not enough to trap any electron inside the dgpossible with theoretical values for strain profiles, confining
(we assume a constant 3D confining potential inside thgotentials and electronic effective mass reported in the litera-
pyramid. See Ref. 36 for more details about the method emture.
ployed. Even though its value at the base of the pyramid is
of about 90 meV and stays higher than 50 meV almost untinCKNOWLEDGMENTS
one half of the height, the potential well is still not suffi-
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