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The interface between an InAs quantum dot and its GaAs cap in “self-assembled” nanostructures is non-
homogeneously strained. We show that this strain can lead to localization of a GaAs-0ériviyge inter-
facial electron state. As hydrostatic pressure is applied, this state in the GaAs barrier turns into the conduction-
band minimum of the InAs/GaAs dot system. Strain splits the degeneracy of thistate and is predicted to
cause electrons to localize in the GaAs barrier above the pyramidal tip. Calculpt&sent work or mea-
surementltskevichet al.) of the emission energy from this state to the hole state can provide the hole binding
energy,Ag'g)t. Combining this with the zero-pressure electron-hole recombination energy gives the electron
binding energy, A®}. Our calculations showA{)~270 meV (weakly pressure dependgnand A
~100 meV atP=0. The measured values ark{)~235meV (weakly pressure dependgnand A
~50 meV atP=0. We examine the discrepancy between these values in the light of wave-function localiza-
tion and the pressure dependence of the hole binding ene0%63-18208)06635-1

The interest in potentiabptical applications of semicon- This spherical geometry is unique in that the strain decays
ductor quantum dots has concentrated attention almost emvith distancer. This decay is absent in the equivalent planar
tirely on their direct gap electronic states, i.e., those derivedquantum well geometry. If the conduction-band minimum
from the point of the bulk band structure, tig .-derived  of the constrained barrier materialXs, as is the case on Si
electron states anbl;,-derived hole states. There are how- and GaP at ambient pressure, or GaAs above 43 kbar, then
ever, several interesting quantum dot situations in which théhis radial and tangential strain will split the triply degenerate
lowest energy electron states of dots are derived from th&xc- This splitting is most significant at the interface be-
X;. point. These includei) Si quantum dot$,and SiGe tween the spherlpal inclusion and_the matrix dut_a tprth%
nanostructures embedded in2Sij) InP nanostructures em- decay (_)f_the strain away from the mterfape. At this mterfape,
bedded within GaPRefs. 3 and % and(iii) InAs nanostruc- e splitting can be strong enough to drive the lowest lying
tures embedded in GaAs at a hydrostatic pressure above tRgc-derived state in the matrix below the lowest lying elec-
T',.— Xy, transition® In some of these casef.g., (i) and tron state in the_ sphere, producing a type Il ahgnment. The
(iii )], the resulting band alignment can be typéidirect in predlptlpns of thIS' simple modgl were recently conflrmed'wg
both reciprocal and real space, with holes confinef-tike atomistic cal_culatloqs of spherical InP do.ts embedded within
states of the dot and electrons ¥derived states of the @ GaP matriX. In this system, thex,-derived state of the
barrier. When a lattice mismatch between the dot and th&aP barrier is driven below the,. state of the InP quantum
barrier materials also exists, the resulting strain field can leaf®l: Producing a predicted type Il alignment in both real and
to localization of thes&-derived electron statéé€ This can  '€ciprocal space.
be seen qualitatively by considering the simple case of an [N this paper, we study InAs quantum dots, embedded
isotropic sphericalinclusion in an isotropic matrix as origi- Within @ GaAs barrier, under hydrostatic pressure, which was
nally derived in 1956 by EshelByo first order in the lattice €cently experimentally studi€dAbove a critical pressure,
mismatch.,, = (a,—a,)/a,,, wherea; anda,, are the lattice Pe, _bulk GaAs_ is knowh to become indirect with an
constants of the inclusion and the matrix, respectivelyXic-like conduction-band minimuniCBM). The nonhydro-

Eshelby showed that inside the sphere, only uniform hydro-StatiC strain at the InAs/GaAs interface is then expected to
static strain exists ' split this X, CBM of GaAs. The band alignment is then

expected to be type Il in real space, in a similar fashion to the
InP/GaP (Ref. 4 and SiGe/Si(Ref. 2 systems described
€in= Em(; -1, @ above. In a recent paper, ltskeviehal® have studied these
InAs/GaAs systems under pressures up to 100 kbar and they
where y=1+2Bn(1-2v,)/[Bi(1+vy)], and whereB;  have observed evidence for the expected type Il band align-
and B, represent the bulk moduli of the inclusion and thement. They have also suggested an innovative method for
matrix andvy, is the Poisson ratio of the matrix. In the sur- deducing the electron and hole binding energlkg}t and

rounding matrix however, the strain has both a radiath A" from their high pressure optical measurements. These

. . dot
and tangentia(tan) component, given by binding energies are central spectroscopic quantities in quan-

c [R\3 tum nanostructures and a method for directly measuring
€rad )= —2— ( _) , them would prove extremely useful. However, as we will see
r below, the existence of interfacial wave-function
3 localizatiorf due to the response of the GaAX;, state to
em(R he Eshel in i lication th i
)= (= @) the Eshelby strain introduces a complication that requires a
a y\r) ' theoretical treatment.
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Since Eq.(3) gives the hole confinement energyRt-P.,

Above Transition P ; X
|(a) ove _ranstion ressurel one has to obtain the zero-pressure value needed irt5Eq.

‘ GaAs ‘ |InAs | ‘ GaAs ‘ from
oA
AG(P=0)=A(P)+ —5* AP, ®
E TX T
1150 E (X, -hin4s) which requires knowledge of the deformation potential of the
W‘{/ o hole binding energy A}/ aP.
B AL Itskevichet al.took (i) 6,(P)=0 in Eq.(4) and(ii) they

assumed a linear extrapolation of the pressure dependence
for the photoluminescence emission from Kestate to ap-

|(b) At Ambient Pressure| proximatedA )/ 9P = 1.0 meV/kbar in Eq(6). Using these

two approximations, they obtdin

. e‘“AS 1—‘lc
Ao ' A (P=53 kbap=0.290 eV,
By Tis,) | Byo€AS - hinas) AP (P=0kban=0.235 eV,
— AR(P=0kban=0.030 eV, 7
Tise for their InAs/GaAs pyramidal dots, which they estinfatie

Jave a base of 150 A and a height of 15 A.

We have performed calculations of the electron and hole
binding energy in a pyramidal InAs dot, embedded within a
GaAs barrier as a function of pressure. These calculations
include a full atomistic description of both the extended hy-
drostatic pressure and the nonhomogeneous strain profile of
the system, allowing us to establish the extent of the
Eshelby strain-induced wave-function localization. Our
_ Gads - GaAs . method is based on direct diagonalization of an empirical
this pr?s_sureEbulk(xlﬁ —I'f5;P) the hole binding en- yseydopotential Hamiltoniat*! We calculate the electronic
ergy within the dotA{}(P), can be obtained from Fig(d  structure of an InAs pyramidal dot with the same base:height

ratio (base=100 A, height=10 A) as Ref. 6, to obtain all the
Agyt( P) = Epux( xfcaAs_ F%AS; P) guantities appearing in Eq8)—(6). We use an analytic form
of pseudopotential, designed to build in the effects of strain,
—[Ego X{3—h""SP) + 80 (P) 1. (3)  thatis fitted® to experimental band gaps, deformation poten-
tials and effective masses. The atomic positions were calcu-
This approach assumes that the emitting s)é@ has pre- lated by relaxing all the atoms in the InAs pyramid and GaAs
cisely the energy of the threefold degenerXtg level in  barrier to their minimum strain energy values, using the va-
bulk GaAs under pressur®, i.e., that it is an extended Bloch lence force field elastic energy functiotalThe near-edge
state. This neglects the Eshelby strain that could exist at theigenstates of this pseudopotential Hamiltonian, expanded
GaAs-InAs interface, and the ensuing wave-function localwithin a plane-wave basis, were calculated using the “folded
ization at the interface. This localization could shift the emit-spectrum method.™ The calculations were performed for
ting state[Fig. 1(a)]. An extra correction termd,o(P), is  values of the GaAs lattice constant of 5.653, 5.555, 5.528,

therefore included in Eq3) to allow for emission from the and 5.502 A. We then calculate the volume derivatives

“split X, state,” calledxcligt, rather than from bulk, deldV of the dot-energy levels and report results for the

pressure derivativese/ 9P, obtained fromB~1(VdelaV),
whereV is the volume and is the bulk modulus. Although
the bulk modulus of dots can differ from the bulk value, it
L ©) has not been accurately determined for this system and we
The electron binding energyq(P), can then be deter- ,qretore use the bulk GaAs value B 75 GPa. Using this
mined[Fig. 1(b)] by subtracting from the zero-pressure di- modulus, the above lattice constants correspond to ap-
rect gap of. GaAs the me?\iuredI f\ero-pressure electron-hobq;ed hydrostatic pressures of 0, 39, 50, and 60 kbar.
recombination energi{(e""*—h"**P=0), and the zero- Table | summarizes the calculated quantities appearing in
pressure hole confinement energy: Egs. (3)—(5). Figure 2 shows the electron wave functions at
P=0 and P=60 kbar in both real and reciprocal space.
A= Epu P~ T 555 P=0) — Ego( €™~ ™S, P=0)  These calculations reveal three specific findings. _
" (i) There are interface-localized electron states in strained
—Agot(P=0). (5)  InAs/GaAs dots. These can be seen in the plots in Fig. 2. At

FIG. 1. Schematic band alignment of GaAs/InAs. See text an
Egs.(1)—(3) for explanation of symbols.

The method of Itskevictet al. assumes that above the
critical pressureP, the emission takes place from thg,
level in the GaAs barrier, to the confined hole staté’s,
with an emission energyE oo X$245—h'"s: ). Combining

this value with the bulk GaAs indirect transition energy at

Sioc( P) =E(X$2A%— X% P). 4)
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TABLE I. Pseudopotential and experimental results for all quantities in Fig. 1 and Be$5). Pressures
are in kbar, energies in eV.

Pseudopotential calculations

Quantity P=0 P=39 P=50 P=60 Expt.6
Holes

XGars_T Gass 1.999 1.912 1.882 1.850 1.935€53)

X0t pinAs 1.554 1.528 1.64%=53)

Sloc 0.037 0.021

AP(P) 0.271 0.274 0.291 0.301 0.299¢ 53)
Electrons

[§aAs_Gans 1.548 1.954 2.064 2172 1.51P€0)

glnAs_ pinAs 1.180 1.497 1.554 1.528 1.25%0)

A(P) 0.271 0.274 0.291 0.301 0.23P£0)

ARD 0.097 0.183 ~0.206 0.029

P=0 the ground electron state is confineithin the InAs  and for Eq.(5)

dot[Fig. 2(a)], while at the pressure where the GaAs barrier

undergoes d';.— X, transition, the GaAs/InAs interfacial AR(P=0)=1.548-1.180-0.271=0.097 eV. (9)
strain produces a strain-spligcalized X state[Fig. 2(b)]

localized outsidethe dot, above its tip. The energy of this For a larger dot(base=150 A, height=15A) we obtain
state differs in energy by 0.024 eV from a Bloch-extendedA {(P=60)=0.338 andA{&(P=0)=0.137 eV. Thus, the
bulk GaAsX; state obtained in our calculation at a position approximations,,.=0 used in Ref. 6 results in aoveresti-

far away from the dot, where the Eshelby strfiiiys.(1)~  mateof the hole binding energa{), and hence annder-

(2)] has decreased to zero. Thele states do not signifi- astimateof the electron binding energygf}t(P=0), of 0.021
cantly change their character with pressure and are alwa

localized within the dot. Our directly calculated values at 60

kbar (see Table ) for Eq. (3) are iii) Abovethe I';.— X transition the hole binding en-

ergy does indeed decrease nearly linearly with pressure as
assumed in Ref. 6. Howevebglowthe transition pressure,
AP(P=60)=1.850-1.528-0.021=0.301 eV (8)  the hole binding energy is almost independent of pressure.
Thus, the approximationA {)/9P=1.0 meV kbar* results

in an underestimatef the hole binding energy =0 and
hence anoverestimateof the equilibrium electron binding
energy of 0.032 eV.

(iii) Table | shows the calculated values for the pressure
dependence of the band gaps of bulk GaAs, InAs, and the
Top View: GaAs embedded InAs quantum dot are 11.1, 9.0, and 8.0
meV/kbar, in excellent agreement with the measured values
of 10.7/ 10.0/ and 8.0° The calculated value for the red
shift of the emission above the critical pressure of

I 0 Kbar, I, , Electron ‘ | 60 Kbar, X, Electron |

— ———— —2.6 meV/kbar also shows excellent agreement with the
Side View: measured value of 2.4+0.2 meV/kbar. This red shift is at-
@ tributed to emission from electrons in tbg .-derived state.
i/k" We also calculate a pressure dependence of the hole binding

energy of 1.3 meV/kbar above the critical pressure and 0.5
meV/kbar below the critical pressure. The measured Yalue
above the critical pressure is approximately 1.0 meV/kbar.
X To understand the origin of the shiff,,., between the
: X, state of bulk GaAs and th¢, . state of the doftFig. 1(a)]
we show in Fig. 2 the projection of the calculated electron
dot wave functions atP=0 and P=60 kbar into the
zincblende Brillouin zone, using the method described in
Ref. 13. This projection reveals that the lowest energy elec-

FIG. 2. Calculated wave functions squared of a pyramidal InAstron state atP=0 is I' derived, while atP=60 kbar this
dot (base=100 A, height=10A). In real space isosurfaces are State isX derived. The highest energy hole states at both
shown at 25%light) and 75%(dark) of the maximum value. In  P=0 andP=60 kbar arel’ derived.
reciprocal space the momentum space projection ifkjke0 plane The localization of theX,.like electron state atP
of the zinc-blende Brillouin zone are shown. =60 kbar is due to the interface-induced strain described
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GaAs/InAs nanostructure into “cells” with position vector
R and then performing 60 bulk band-structure calculations of
InNAs and GaAs, thus obtaining the bulk eigenvalues
E.d e(R)] for bandn at wave vectork within each cell,
using the strained In-As or Ga-As bond geometry in that
cell* These solid lines in Fig. (@) show that far from the
dot where the strain is small, the offsets approach the un-
strained value, however the compressive strain within the
InAs dot, increases the valence-band offset from 0.11 to 0.41
eV (allowing more confined hole stajeand decreases the
conduction-band offset from 1.01 to 0.55 dkéducing the
number of confined electron states

Figure 3b) shows the band offsets under 60 kbar of pres-
sure. The GaAs barrier material has already undergone a
conduction band’;.— X crossing, while the InAs remains
(b) P=60 Kbar direct. We observe that the strained band offsetqrelec-
1c trons has developeldcal minima(indicated by arrowsjust
above the tip and below the base of the InAs dot. The devel-
-85 opment of these minima is principally due to the splitting of
a0 | T T Xie | the .triply degenerat@(lc—derived states by the epita>.(ial

Trapped State strain at the mterfacezbe'gwee%n _the dot and_ the barrier as

45 | predicted by Yanget al It is within these minima that the
lowest energy conduction state localizes. This leads to trap-
ping of the electron wave function at the interface, and to a
_/’M lowering of the energy level relative to the bulk GaXs,
-5.5 level.

In conclusion, our pseudopotential calculations show that
the InAs/GaAs interfacial strain leads to the development of

FIG. 3. Band offsets between GaAs and InAs atlhg,, T'., a trough in theX,. band offset, just above the tip and below
and X, points at(a) zero pressure an) 60 kbar. Dashedsolid) the base of the InAs dot. At hydrostatic pressures where the
lines indicate the unstraine@trained offsets. GaAs barrier has aK ;. conduction-band minimum, an elec-
tron is trapped and localized in this trough. These results
suggest that one needs to know this interface localization
energy(e.g., from calculationbefore the method proposed
in Ref. 6 can yield accurate electron and hole binding ener-
gies.

Energy (eV)

earlier. In Fig. 3, we use atomistic calculations to illustrate
the effects on the band offsets of applying hydrostatic pres
sure to a GaAs embedded, strained IpAsamidalquantum
dot. Theunstrainedband offsets between GaAs and InAs are
shown as dashed lines at zero pressure in Fg). Ihey
show that ai?=0 the natural GaAs/InAs offsets allow InAs ~ We thank L. Eaves and A. Polimeni for sharing Ref. 6
to act as a “well” for both the conduction-banid,. elec- prior to publication and for a useful discussion of these re-
trons and the valence-bard,s, holes(a “type I"” offset).  sults. This work was supported by the DOE-Basic Energy
The solid lines in Fig. @) show the offsets subject to the Sciences, Division of Materials Science, under Contract No.
local strain e(R), plotted along a[001] direction down DE-AC36-83CH10093. Calculations were performed using
through the tip of the InAs pyramiésee inset We obtain the Cray T3E at the National Energy Research Scientific
the position-dependent strained offsets by discretizing th€omputing Center.
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