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Enhanced intraband carrier relaxation in quantum dots due to the effect of plasmon—LO-phonon
density of states in doped heterostructures
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The effect of surface plasmon-LO-phonon excitations of the doped elements of heterostructures in the
electronic dynamics of quantum dots has been theoretically studied in a double heterostructure. It has been
found that, in contrast to a single heterostructure, critical points can arise in the surface plasmon—LO-phonon
density of states for layered structures. This results in enhanced quantum-dot intraband carrier relaxation as
compared with the single heterostructure. It has been shown that the relaxation rates and spectral positions of
relaxation windows strongly depend on the thickness of the layer containing the quantum dots. These effects of
the critical points of density of states have been demonstrated using a model n-GaAs/GaAs/air heterostructure
with an InAs quantum dot embedded in the GaAs layer.
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[. INTRODUCTION concerning energy relaxation have been obtained in studies
of the polaronlike states in QDs. In this case the energy
The problem of energy and phase relaxation in quantunmelaxation results from the crystal anharmonicity which de-
dots(QDs) is of great interest not only for fundamental phys- termines the finite lifetime of the optical phonons involved in
ics, but it also becomes increasingly important for nanoelecthe polarons. The Auger-like procés$’ is considered as
tronic applications. The creation of high-quality single- another effective mechanism of intraband carrier relaxation.
electron transistors|ogic elementgquantum bity? memory Since actual QD-based devices are complicated hetero-
cells? and laserSbased on quantum-dot heterostructures restructures composed of many componeats., the host ma-
quires detailed information on the relaxation parameters ofrix, quantum wells and wires, capping, buffer, and wetting
the systems in question. This problem is especially importaniayers, etg, several studies on the QD electronic dynamics
because nanoelectronic devices should be incorporated intdfected by interactions with the environmental elementary
large integral circuits with closely packed structural ele-excitations have been performed. The interaction between
ments. Recent estimations allow one to expect that the chathe QD electronic subsystem and the barrier and/or matrix
acteristic distances between the elements of the integral cipptical and acoustical phonadris?®-?°has been investigated.
cuits will fall within the range of several tens of nanometers.The influence of the nearest surroundings on the QD dynam-
It is believed that the 22 nm logic technology will be used toics has been studied in some works. For example, the homo-
fabricate high-performance microprocessors and static rargeneous broadening of optical transitions in self-assembled
dom access memonSRAM) chips at the close of the de- quantum dots caused by the elastic Coulomb collisions be-
cade. That is why the questions as to the mutual influence dfveen carriers in the wetting layer and in the dbtsas been
the nanoelectronic devices and how they are affected by thanalyzed. The QD electronic dephasing caused by charge
metallic and doped semiconductor components of the heterdluctuations in the impurity state due to its recharging
structures and integral circuitéinterconnectors, contacts, through the free electron resenvditas been investigated. On
substrates, buffer layers, etdbecome topical. Therefore, the other hand, not only the environmental free charges, but
studies on the interactions with characteristic distances odlso the plasmons and plasmon phonons, which reside in
several tens of nanometers, which induce energy and phas®ped heterostructure components, will interact with the QD
relaxation processes in QDs, are of great importance. electronic subsystem. It is clear that the QD carriers will
In recent years much attention in this field has been paidgtrongly interact with environmental excitations accompa-
to the relaxation processes caused by interactions with difried by the electric fields at close contact of the dots with the
ferent elementary excitations localized inside a quantum dodoped components. These components, e.g., doped sub-
or at its interface. The effects of confined and interface opstrates, are often located several tens of nanometers away
tical phonon&1%and plasmond-'3on the QD electronic dy- from the quantum dots. Even so, the QD electronic sub-
namics have been investigated. Multiphonon mediated intrasystem can be strongly coupled with plasmons or plasmon
band relaxation processes involving longitudinal opticalphonons of the doped substrate. This coupling results in new
(LO) and acoustic phonons have been studi¥d*®A  intraband relaxation mechanisms in the QDs. This type of
defect-assisted multiphonon emission mechatfisth has relaxation process involving the bulk and surface
been suggested to explain the fast carrier relaxation in quarplasmon—LO phonons has been studied in some Wkt
tum dots. Important theoretiéadl® and experimenta! data  has been shown that the QD intraband carrier relaxation with
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x A Our approach is based on the combination of the hydro-
b InAs QD dynamic modeP-31for plasmons and the local dielectric for-

malism for dispersionless optical phonons. Although the hy-
a / , drodynamic model has well-known limitations in

- quantitative analysi&-33among which it is worth noting that
J the presumption about a local statistical equilibrium in every
point of space and the long-wave limit of the kinetic equa-
tion, this macroscopic description of many-electron problems
n-GaAs GaAs Air offers some advantages over microscopic descriptions, e.g.,
random phase approximation, because it allows one to obtain
the simple and physically transparent qualitative results con-
FIG. 1. The double heterostructure considered in the madsl.  cerning the spatially inhomogeneous systems. Particularly
the thickness of the undoped layer, anis the distance between the the dispersion relation of the SPLP modes and electric field
doped semiconductor and the quantum dot. induced by them can be easily calculated. The hydrodynamic
model is successfully applied to various kinetic
an emission of the substrate bulk and surface plasmon-LQeroblems$®3"that allow us to compare our results and well-
phonon modes may be sufficiently effective even if the disknown result¥®3! by means of the consideration of corre-
tance between the QD and the substrate is about 100 nm. $ponding limiting cases.
the distance equals several tens of nanometers, then theseThe starting point for our consideration of the SPLP ex-
relaxation mechanisms can be dominant. Since the relaxatiatitations is the Bloch equations describing the hydrodynamic
rates and the spectral positions of the corresponding relaxwnotion of electron gas coupled with the electromagnetic and
ation windows are determined by the dispersion of theLO-phonon field$/ -2
plasmon—-LO-phonon modes, intuition suggests that the re- an
laxation process with the bulk plasmon-LO phonons weakly —=-V -(nv),
depends on the heterostructure design. On the other hand, ot
one would expect that the coupling between the QD elec-
tronic subsystem and the substrate surface plasmon-LO
phonons is strongly affected by the heterostructure’s archi-

N 1 "dp(n’
—:—v-(Vv)+EV<p——Vf dpin’),
ot m m

! X . o N
tecture. The reason is that the dispersion of the surface
plasmon—-LO-phonon modes depends on the heterostructure’s
o o 4me Ao

arrangement as the polaritonic excitations?¥o. Ap=—(n-Np) + V -u,

In this work we study the influence of the heterostruc- € €
ture’s design on the surface plasmon—LO-phonon dispersion
and density of states. We show that critical points can arise in @ -y (1)
the density of states for layered heterostructures. The exis- a2 T p @

tence of the critical points results in an enhancement of the ) )
QD intraband carrier relaxation via interaction between theévheren(r.t), p(r,t), andv(r ,t) are the macroscopic density,
carriers and the electric potential induced by the surfac®ressure, and velocity of the electron gasis the effective

plasmon—LO-phonoitSPLP modes in the doped elements Mass of the free carrierg(r ,t) is the self-consistent electro-
of heterostructures. static potential Ny is the impurity densityu(r,t) andp are

the relative displacement and reduced-mass density of the
ion pair, a=wil(gg—e.)p/4m]"? wr is the frequency of
Il. THE HYDRODYNAMIC MODEL OF THE SURFACE transversal optical phonons at the Brillouin-zone center, and
PLASMON-LO-PHONON EXCITATIONS g, and &, are the low- and high-frequency dielectric con-

In order to demonstrate the important role of the heteroStants, respectively. For simplicity’s sake, we neglect the re-
structure’s design in the SPLP excitations and in the couplindgrdation effects and the dispersion of optical phonons. The
between the QD carriers and the SPLP modes let us consideyStem(1) becomes complete when the state equation defin-
a simple model of a double heterostructfég. 1). The g the connection betweerir 1), p(r,t), and temperature is
heterostructure is composed of a half space filled with 6§pe_0|f|ed. In g_eneral, this connection for _electron gas is im-
doped semiconductor with a plane interface and an undopégficitly determined by the couple of equations,
semiconductor layer with a thicknebs The quantum dot is [op3/2T5/2 [ 12

. | cot 2\2m*T dz?

located at a distance from the doped material. We will find = 3 f ,
the SPLP eigenmodes and the electric potential induced by 3m’h o eXpz-u/T)+1
them at the dot position using an approach used e&rfiér _
for the description of the plasmon—LO-phonon modes in a V2(mm32 [ dzZ”?
single heterostructuree.g.,b— ). The quantum dot is con- P=""23 fo expz- w/T)+1’
sidered here as a probe for electric fields induced by the
SPLP, and therefore the dot and/or SPLP interaction does nethere T and u are the temperature in energy units and the
noticeably perturb the SPLP and QD energy spectra. chemical potential, respectively. In the cases of nondegener-

(2
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ate and degeneratc_e electron gas, the sys®ns reduced to (s pu  pwiu? £.(V )2
simple state equationp=nT and p=(372)%3:2n>3/5m, re- = dr| =+ ot aV @ up—epn; - ~8n
spectively. For a strong coupling between LO phonons and

plasmons, the closeness of their frequencies is necessary. We mny(V ;)2 mﬁznf

restrict our consideration to the second case since the LO- 2 * 2n, | (5)

phonon and plasma frequencies are values of the same order
of magnitude at an electron concentration of aboutHereinafter the subscript 1 will be omitted for simplicity.
10'® cm3, when electron gas is degenerate as a rule. Then, The solution of the systen{4) with the appropriate
we suppose that the electron gas motion is laminar and camoundary conditions allows the finding of the SPLP
be described by the velocity potentig{r,t) according to eigenmodes, their dispersion, and the self-consistent electric
Vy=-v. Then Eqs(1) become potential induced by the modes. For the program to be
made, we considered Eq94) in all regions of the
heterostructurgFig. 1) and solved them for the dopdd)
and undopedu) parts of the heterostructure, as well as for
air (a). For matching the solutions, the following boundary
51// 1 s conditions were used: an equality to zero of the normal
(V¢)2 o+ —n2/3 component of hydrodynamic velocity, diy/dZ,-,=0,
and a continuity of the self-consistent electric potential,
(Pd|z:0:€0u|z:01 ¢u|z:b:‘Pa|z:ba as well as the normal
Are A component of electric displacement, e4(w)dey/dZ,—o
Ap=——(n—=Ng) + vV -u, = gy(w)de,/dd g ey(w)de,/dZ,p= de,/dZ,p, Where
” ” &i(w) =gi(w?— w3 )| (w?- %) for i=d or u, and w;_ are the
limiting frequencies of longitudinal optical phonons. Analy-
@ = - olu- a v 3) sis has shown that the SPLP modes occur near the interface
2 T p @ between doped and undoped materials if the following in-
equality is satisfied:

2=V,

where §=(372)%342/2m. It is easily seen that the syste®)
is a set of the Euler equations for the following Lagrangian: W2 Eco B — w? >0, ©)

1 p8d(w)

Ex .

fda [ SpuZ- EP‘*’TU —aVe-u +§(V¢)2+mn¢ where g is the two-dimensional wave vector of the SPLP
excitation andwp:\e’4wn0e2/sdmm is the plasma frequency.
Then we obtain that the SPLP modes have two branches,
hwe(q), of the dispersion relation determined by the equa-
tion
Using the standard linearization procedure, which consists in

2172 —
IBFq_

1 3
- >mnv )2 +ee(n=No) - 5&15/3 :

a series expansion of=ng+ny+Ny+-, Y=+t @ > _QE Eqo 2e(w)
=gt @1t @y+--+, andu=uy +u,+- -+ in their deviations from BTqIqtq) = 2 e4() e(w) + e4(w) (7)

equilibrium values, we obtain the following linear system of

coupled equations: wheree(w) =g (w) 7_(w)/ 7,(w),
(91101 € BZ 8u(w) -1 —2ab
- —p + = H(w) =1+~ ———e2,
P Ut o)=Lz e ®

Figure 2(left pane) illustrates the dispersion relation for the
M =V -V ) case when both the doped and undoped parts of the hetero-
ot 0r structure are filled with the same materi@aAs. One can

see that the branchédawg(q) have minima at the nonzero

Ame Ao value of the wave vectayy,. These minima result from the

Apj=—n + V -uy, availability of the second interfac&GaAs/ai) between the
Bao Bao mediums with essentially different dielectric constants. The

depths, wg,(0) - we(qq:), and positionsgy, of the minima

&Zul_ 5 a depend on the undoped layer thickndb$ (Fig. 3). Such
?‘_“’Tul_gvﬁ"l' (4) points of the quasiparticle energy spectra, where

grad, »(q)=0, are called critical points. In the case consid-
as a first approximation. Herg is the electron concentration ered, since the functionsg.(q) are isotropic in they space,
and B=(26n2"*/3m)2 is the speed of the propagation of the the critical points form circles with radigy,. The critical
hydrodynamic disturbance in the electron gas. The Hamilpoints qq. in the energy spectra result in the appearance of
tonian corresponding to Eg&4) is given by critical pointsfiwg, =fiws.(gq.) Of the SPLP density of states,
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48 48 the two-dimensional problem is not surprising because the
45 s isotropy of the SPLP dispersion reduces the dimension of the
N\ G Sho(9) ) system considered. The aforementioned characteristics of the
421 o0 L4 DOS should be expressed in the SPLP-assisted processes.
The use of the solution of the systd#) for the secondary
< 3 he, 139 quantization of the fields involved in the Hamiltoni&s) is
E 2 B0 2 g equivalent to an introduction of the SPLP excitations with
2 ] o B 8 the creatior(annihilation operatorsbaj(bqj), wherej=+ and
gg e 133 —. As a result, the Hamiltonia(b) takes the form,
304 (e 7RO, (9) - e, 30 H =2 fisi(q) (bg;og; + 1/2),
27 27 4

0 Blg (me%/(; % DOS (arb.units) and the self-consistent electric potential induced by the SPLP
modes can be represented as
FIG. 2. Left: The dispersion branchéso.(q) for the SPLP
modes in _the double n-GaAs/GaAs heterost[uc(llﬁig. 1_). The odr) = > [QDq,—(Z)eiq'qu,- + <P;j(2)e_iq'xb;j], (10)
concentration of free electrons equals=10'8 cmi3. The thickness @
of the undoped GaAs layer is 50 nm. Right: The density of states
(DOS) corresponding to the SPLP branches. The symbaharks ~ wherex is the coordinate vector in the interface plain,
the critical points in which the DOS diverges @an—7fiwg,) "2

(qu(Z)
d Ie%-qé« e2—gla
Gutho)= [ Sdho-thon@l.  © LTAET, GeleleBe ) - g
(2m) I'q—q eq(w)(I'q—0a)
-0z — 1]e%2
It should be emphasized that the critical points of this type = ¢q € + [7.(w) - 1]e b=z>0
are absent in the case of a single heterostrucfiféis can 7+() 74(w)
be seen from Eq(7) in the limiting casep— . The SPLP 2e(w) €%
density of states(DOS) corresponding to the dispersion eg(@) + 1L 7u(@)’ z>b,
branches ws.(q) plotted in Fig. 2(left pane) is shown in the L7 ’
right panel of Fig. 2. Performing a simple analysis of £, (11)
one can see that the DOS diverges&&—-fiwg,) > at the
critical pointsfmg,. Although this behavior of the DOS is 4me [ AT g 2 12
. i . H Qg= " ’
typical of one-dimensional systerffspur result obtained for q eq(@) + 8() L2q(2Fq+ L)
3 ] (+) (4me)’n,
E 4] ow)=1+ > 5
g, m(2lg + Q)eg(w)[eg(w) +2(w)]
£ 2] y ( 520 geg(0) + dleg() + 2(0)
2 0 P (0® - wgp)?
o 0
o . ﬂzj Zngg(w) o ) (13
8 2_ 2,2%q)»
B, pu (0 = wyy)
61
= Ba, _
* wq= 5 (1€ +[n,(0) - 1P~ 1]. (14
7] 77+(‘U)
In Egs. (11)~(14) o equalsw..(q) or ws(q) andL? is the

0 10 20 30 40 50 60

normalization area.
b (nm})

Obviously, the coupling between the SPLP modes and any
FIG. 3. Top: The depth of the minima in the high) and low charged excitations, e.g., electrons and holes, can be ex-

(—) energy dispersion branchés.(q) of the SPLP modes in the pressed by the operatepg(r). This type of interaction cor-

doublen-GaAs/GaAs heterostructut€ig. 1) as a function of the ~reésponds to the SPLP-assisted light absorption, lumines-
thickness(b) of the undoped GaAs layer. Bottom: The position of cence, and Raman scattering, as well as the intraband carrier

the minima as a function of the thickneds of the undoped GaAs relaxation. As an example, the relaxation process developing
layer. In both cases the concentration of free electrons eaugals in the QD electronic subsystem will be considered in the
=10 cmi3, next section.
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IIl. INTRABAND RELAXATION RATES Hole states
OF QUANTUM DOTS . 5 =150

The results described in the previous section allow one to "\'/l n=1, I=1
calculate the intraband relaxation rates of QD electrons or _l h] L:>
holes due to the interaction with the doped part of the double p " n=1, I=2
heterostructuréFig. 1) via the electric potentigl10) induced X — L n=2,1=0
by the SPLP modes. This coupling gives rise to the transi-
tions between the initidlE;) and final(E;) states of the elec- FIG. 4. The scheme of a cylindrical quantum dot. Several low

tron (hole) upon emission or absorption of the SPLP quanta&nergy hole states for the strong confinement regime are shown.
Supposing that the temperatures are relatively small,
ws:(q)/kgT>1, we can restrict our consideration to the re-lindrical quantum dotFig. 4 frequently used for modeling
laxation processes with the emission of the SPLP modes. real QD system&?-*'We will restrict ourselves to the case of
The intraband relaxation rates can be calculated by differthe strong confinement regime, i.e., suppose that the height
ent methods, e.g., in the framework of the Wigner-Weisskopfh) and radius(py) of the QD are smaller than the exciton
coupled-mode equation approach used for analysis of thBohr radius of QD bulk material. For definiteness’ sake, we
phonon bottleneck in quantum détinstead, for simplicity’s ~ will consider the intraband hole relaxation. Similar results
sake, we employ the Fermi golden-rule-based methodan be obtained for the electronic relaxation. The energy
which is commonly wused for such types of spectrum and wavefunctions of the hole states in a cylindri-

calculations14.17.18,21,23-25 cal QD, provided there is an infinite potential barrier, are
The rates of the intraband transitions as a function of thejiven by
intraband QD level spacin@=(E;,—E;)/# are given by
2 Wy (r) = LM Sin<7T—kZ>e"‘p (19)
i a . ; _ - ’
W = =52 [llepqi(2e () Pe o0 - wi@)], " Vahgg a6 T\
aj

15 n? (7 &

where the origin of the coordinates is chosen at the QD po- Po

sition a. In the general case, the initial, final, or both QD wherek=1,2,3,...&., is thenth zero of the Bessel function
states are degenerate in some quantum numbers which Wik the Ith order[J,(&,,)=0], and mgp is the hole effective

be marked_ by primes i_n th_e equation below. To take int9,555. The use of EqEL9) and (20) for calculating the func-
account this degeneration in E¢L5), one should use the tion F(f,i)(q) gives the following result:
J :

operationAuvs j, implying averaging over the degenerate ini-

tial QD statedi,i’) and summation over the degenerate final . 2620%B(lf) _ N
QD stategf,f’). As a result we obtain the following expres- Fi'"(q) = —WZE’K[T@(CI)|t'f(Q)J:'frr11',(Q)]2’ (21

sion for the intraband relaxation rate:
whereB(ls)=1 for I;=0, andB(l;)=2 for other cases,

)= 2T E (i) g)a- 2988 () —
\N(Sf’ )= hz% Fj(f )(Q)e 2 5[9 “’sj(Q)], (16) Ttlf(q) - (1 + (_ l)kf+ki[77+((x)) _ l]eQ(h+2a)),

where the function Argh[1 - (- Dkrhie Mk,

, . Ki(ry) —

Fi"(a) = Avgii,i"|eqq (2 €1, 1) (17) "D = T+ 2 — k)P + ik + ] 22
contains all information on QD parameters. Equatib6) is
similar in its mathematical structure to the SPLP density of n b 31,60 X3 (£0, X011, (ApoX)
stated Eq. (9)]; hence, the relaxation rate will diverge at the JI}Hf(Q)zzf dxx &)
DOS critical points. In order to avoid this problem, we re- 0 SIS S
place theé function in Eq.(16) by the Lorentzian and w=ws;(q). Finally, the intraband relaxation rate of holes

1 y is given by
()] — =

AR~ (@) 7[Q - wg(Q) P+ ¥’ 18 Wi =S fx dg__ Blpml'qw Y
where y=1/2(y+ 1+ y9) + y,q is the total dephasing rate of ) 7 Jo mhng(2Tg+ g)og(w) (= w)?+ 5
the transition between the initial and final QD states,ys, e w212
and v, are the inverse lifetimes of electrghole) states(i { a £
and f) and the SPLP excitationés), and y,q is the pure ni(o)[e4(w) + e(w)] @
dephasing rate. The phenomenological parametér Eq. X [Ttif(qﬂtif(q)‘]:ifrr:if(q)]Ze—an' (23)
(18) is determined by the relaxation processes differing from
SPLP-assisted relaxation. where, as beforay=wg(q).

Further analysis of the intraband carrier relaxation is pos- In real quantum dots based on IlI-V semiconductors the
sible only for a particular QD model. Let us consider a cy-hole energy spectra have complicated structures due to the
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FIG. 5. The hole relaxation rates as a function of the level spac- F!C- 6. The hole relaxation rates as a function of the level spac-
ing Q for three intraband transitions: the solid liné®)—[1); the ~ INg € of the intraband transition2)—|1) for different undoped
dotted lines|3)— |2); and the dashed linef)— |2) (see the text layer thicknessegb): the dotted I|n_esb:50 nm,; the dasht_ed I_|nes,

In calculations the following parameters were used40 nm,b =80 nm; and the dash-dotted linés=120 nm. The solid lines
=50 nm,ny=10' cm3, and y=0.05 meV. show the c_orrespondlng rfelaxatlon rates for a single heterostructure.
In calculations the following parameters were usad40 nm,n,

=10 cm 3, and y=0.05 meV.
highly anisotropic valence band and the heavy and light hole em= andy me

state mixing> Moreover the built-in strain resulting from Three main distinctions between the double and single
the lattice mismatch between the quantum dot and the matriKeterostructures are clearly seen. The existence of the critical
materials can essentially modify the hole spettr@ince we  points of the SPLP DOS for the double heterostructure re-
take an interest in the qualitative features of the relaxatiosults in a significant enhancement of the intraband relaxation
process we neglect these effects and use the simple quantuaites compared with the single heterostructure. Furthermore,
dot model with single isotropic and parabolic valence bandshe narrowing of the spectral widths of the relaxation win-
corresponding, e.g., the heavy holes. dows takes place. Finally, the spectral positions of the relax-
For illustration of the peculiarities of the intraband hole ation windows are shifted toward higher energies with de-
relaxation in the double heterostructuféig. 1) let us con-  creasing of the undoped layer thickness. Certainly, the
sider the InAs cylindrical QD with a fixed highh=5 nm,  enhancement value strongly depends on the transition
and restrict ourselves to several low-energy hole states witHephasing ratéy). Although the reliable data op are lack-
the quantum numbek=1: |1)=|n=1,1=0), [2)=|n=1,1=1),  ing, we can estimate the lower limit of In accordance with
I3)=[n=1,1=2), and|4)=|n=2,1=0) (see Fig. 4 In all cal-  the results obtained by several research grdti§the elec-
culations the effective madsnyp=0.41my) of heavy holes tronic (hole) dephasing rates in QDs at low temperatures
for the InAs QD has been used. The qualitatively same revary from severajeV to several tens ofieV. Therefore, in
sults are obtained if using the effective mass values in theur calculations, & value of 50ueV was used. On the other
range of 0.43—0.38, that are reasonable for INR8Are-  hand, the inverse lifetimey,) of the SPLP modes contributes
lation of po= (&~ jz)/(ZméDQ) (where i=2,j=1 or i  to y additively. Its value is unknowm priori. In order to
=3,j=2 ori=4,j=2) between the QD radius and was
employed for taking into account the variations of the level

14
7/

spacing energy with the QD size. If the QD size is fixed and 01 DH
the level spacing energy is varied by other means, e.g., by 2.5 J
the arbitrary changing d® in the equations, the qualitatively _ap) DH

same spectra of the relaxation rates have been obtained. Fig- Yo |

ure 5 shows the hole relaxation rafé&sy. (23)] as a function o 154

of the level spacingd) for transitions|2) —|1), |3)—|2), and ~

|4)— |2) in the quantum dot embedded in the undoped GaAs z 107

doped GaAs part. One can see that two relaxation windows 00 A

corresponding to the highw,,(q)] and low[ws_(q)] energy Y=

SH
part of the heterostructure at a distarece40 nm from its 054 SH B
30

dispersion branches of the SPLP modes are opened. The re- 2o
laxation rates are sufficiently large and are of the same order
of magnitude for all three transitions. In calculations we as- £ 7. Hole relaxation rates as a function of the level spafing
sume that the undoped layer thickngssand the transition  of the intraband transition2)—|1) for different dephasing rates
dephasing ratesy) are equal to 50 nm and 0.05 meV, re- (4): the solid lines,y=0.05 meV; the dashed lineg=0.5 meV.
spectively. Figure 6 shows the relaxation rate spectra for difThe symbols SH and DH indicate single and double heterostruc-
ferentb for the|2) — |1) transition and the same spectrum for tures, respectively. In calculations the following parameters were
a single heterostructure. used:a=40 nm,b=50 nm, andny=10'8 cm™3,

AQ (meV)

195310-6



ENHANCED INTRABAND CARRIER RELAXATION IN... PHYSICAL REVIEW B 71, 195310(2005

9 heterostructure is negligible. It takes place at a small number
8 4 of carriers inside the dot and the low concentration of the
—~ 7 (+) dots embedded in the heterostructure. In the opposite limit,
6] the influence may result in a renormalization of the SPLP
2 51 spectrum. We did not also consider the effects which are
2 4] characteristic for real quantum dot heterostructures: the
5 3] () shape and/or strain dependence of the quantum dot electronic
E 5 ] \ structure and the dipole momenta of the transitions. Although
; these limitations do not affect the qualitative conclusions of
10 15 20 25 30 35 40 our work, they should be considered in the quantitative
a (nm) analysis of the intraband relaxation rate in real quantum-dot

systems in doped heterostructures. Finally, the coupled

35 plasmon-acoustic-phonon modes can also take place in the

3.0 4 semiconductor system under study due to the piezoelectric

55 ] effect. Evidently their coupling with the quantum-dot carriers

' is also possible via an interaction like that described above.

20 The study of this interesting problem is now in progress. It is
15 worth noting that relaxation processes caused by this mecha-
= nism do not interfere with those considered in this paper
2 1.0 1 since energies of the plasmon—-acoustic-phonon modes are in

0.5 1 other ranges than the SPLP ones.

00— IV. CONCLUSION

24 26 28 30 40 42 44 46

£Q (meV) It has been shown that the SPLP density of states inherent

in a doped semiconductor is essentially modified when a
FIG. 8. Top: The maximum hole relaxation rates for the transi-layer of undoped material of finite thickness is grown on the
tion [2)—|1) as a function of the distande) between the QD and Semiconductor. Specifically, the critical points of the SPLP
the doped substrate. S|g(}$-) and(—) Correspond to the h|gh and DOS arise with their pOSitionS depending on the |ayel’ thick-
low energy relaxation windows, respectivelyp=50 nm, n, ness. The presence of the critical points results in the en-
=10' cm3, andy=0.05 meV. Bottom: The hole relaxation rates as hancement of the relaxation processes involving the SPLP in
a function of the level spacin) of the intraband transitiof2) ~ the probe embedded in the undoped layer. Using the quan-
—|1) for different free carrier concentratiorisy): the dotted lines, tum dot as a probe, we showed that the intraband relaxation
Np=0.75x 108 cm™3; the solid linesny=10' cm™3; and the dashed in QD is enhanced for the thin layer compared with that for
lines, ng=1.25x 10! cn™3. In calculations the following param- the macroscopic layer. In other words, a “dielectric confine-
eters were usedi=40 nm,b=50 nm, andy=0.05 meV. ment” of the SPLP takes place in these kinds of layered

) ] ) structures. The actual values of relaxation rates in real sys-
clarify this problem, we calculated the hole intraband relaX+ems can differ from those calculated by us. This fact, how-

ation rates with a value of 500ueV, assuming thay was  gyer, does not affect our qualitative conclusions. Obviously,
determined byys (see Fig. 7. these characteristic features of the SPLP DOS are important
_ One can see that even for this case the enhancement of thg nanostructure-based applications, where the QD layer lo-
intraband relaxation rates in the double heterostructure igaieq at distances of tens or several tens of nanometers from
about three times higher than in the single heterostructurgpq n(p)-doped elements of heterostructures and covered
Notwithstanding significant differences, the intraband relax<ith 4 thin cup layer are widely used. The concentration,
ation rates in double heterostructures exhibit th€8) de-  gistance, and layer thickness dependencies of the relaxation
pendence similar to that for a single heterostrucfutsee  ates offer wide opportunities for the manipulation of QD
Fig. 8. Figure 8 shows that the spectral positions of thegjactronic dynamics in doped heterostructures.
relaxation windows are changed witly and the relaxation
rates increase with decreasiag We would like to thank Professor U. Woggon for valuable
Our model proposes that the influence of the carriers gendiscussions. This work was partially supported by the INTAS
erated in quantum dots on the SPLP spectrum of the dopdérogram(project Grant Nos. 01-2100 and 01-2331
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