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The effect of hydrostatic pressure on the refractive index changes (RIC) is studiedtbpped quantum well (DDQW) in GaAs. Based on

the effective mass approximation we implement an algebraic formalism to calculate the electronic structure and RIC. Our results obtained
with this model show that the position and the magnitude of the linear, nonlinear and total RIC are sensitive to hydrostatic pressure and
bidimensional density. The incident optical intensity has a great effect on these optical quantities.
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1. Introduction On the other hand, from the theoretical point of view,
Liang and Xie [13] studied the combined effects of the hydro-
During the last decade there has been considerable intestatic pressure and temperature on optical properties of a hy-
est on the linear and nonlineair optical properties of low-drogenic impurity in the disc-shaped quantum dot, showing
dimensional semiconductor structures, particularly those aShat pressure and temperature p|ay an important role in the
sociated with intersubband transitions. Linear and nonlin-optica| absorption coefficients and refractive index Changes_
ear optical properties such as optical absorption [1-4] angaghramyaret al.[30] studied the effects of hydrostatic pres-
refractive index changes (RIC) [2-5], have the potential forsyre, temperature, electric field and aluminum concentration
device applications in far-infrared detectors [6, 7], electro-on the electronic states in GaAs/GaAl, As concentric
optical modulators [8, 9], and infrared lasers [10]. double quantum rings. The effect of hydrostatic pressure on
Recent improvements in semiconductor growth techpptical absorption and refractive index changes of a shallow
niques have made possible to prepare low-dimensional sentydrogenic impurity in a GaAs/GaAlAs quantum wire were
conductor structures with any desirable potential shapediscussed by Santhi and collaborators [31]. They reported a
such as quantum wells, quantum wires, and quantumblue shift of the absorption resonant peak and of the total RIC
dots [1,4,11-19]. Itis to be noted that external factors such ague to pressure changes.
shallow impurities, temperature, electric and magnetic fields, . .
and pressure can change the linear and nonlinear optical and ReCently, more attention has been paid to study the hy-

transport properties of nanostructures [3,12,13,18,20-26]. IﬁirOStat'C pressure applied tq a _tvvo-dlmensmnal structure.
the past few years, many researchers have studied the effe e results of optical properties in delta-doped system un-
er hydrostatic pressure were analyzed by Maz-Orozco

of the external factors on the electronic and optical propertie X ; ;
et al. [20,21], revealing that intermediate pressure leads to an

of low dimensional semiconductor structures. h t of both i b i 4 RIC. wh
In particular, the linear and nonlinear optical propertiesen he.mrc;‘emen orbo thnon m?.?rc? sofr[t)h|on an t't" whereas
of structures under hydrostatic pressure have been intensiveﬁ rigner pressures the amplitudes ot these quantities are sig-
Ificantly quenched. Eseanu [32] discussed the simultaneous

studied both experimentally and theoretically by several au- ) ) .
thors: P y yby effects of laser field and hydrostatic pressure on the inter-

From the experimental standpoint, Pieciidl. [25] have subband transitions in square and parabolic quantum wells.

reported that laser diodes in (Al)inGaP can be tuned by pres'l_'he author found that the transitions between the ground and

sure efecs, Traeciakousi o (7] ave epored tnat 1 1S SIS0 vl depende o the st pescure
pressure and temperature variations can change the band q?rpear and nonlinear optical properties [1, 4,33, 34]. The si-

of 1lI-V semiconductors, shifting the gain spectrum of laser ! o

. : . multaneous effects of hydrostatic pressure and magnetic field
diodes. Bajda and collaborators [29] studied the pressurg lied along the quantization direction on intersubband op-
and temperature dependence of gain in InGaAs/GaAs Ias%tgp g q P

diodes, finding that pressure tuning is much more effectiv% th;?gs'tl'_?:lzrf: s;((::tI;I;e[IISeSr]quantum well are also inves-
than temperature tuning. For further information about op- 9 y y ) '
tical properties of nanostructures under hydrostatic pressure, Within the mentioned context, the aim of our work is to

the reader can refer to [25-29]. study the effect of hydrostatic pressure on the linear and non-



162 0. OUBRAM, I. RODRGUEZ-VARGAS, AND J. C. MARTINEZ-OROZCO

linear refractive index changes (RIC) in GaAs DDQWs. ItwhereF; = 1519 meV, ands = 10. 7 meV/kbar. The varia-

is worth mentioning that the theoretical methods, used to antion of the static dielectric constant is given by [39]:

alyze this effect [23, 24, 36], can be cumbersome and time

consuming. To this respect, we apply a simple theoretical €(P) = 12.65¢1-67Px107% 4)

model of hydrostatic pressure based on physical considera-

tion to obtain readily the electronic structure and the linearand the corresponding electron effective mass is given by

and nonlinear RIC. [40-42]:
This paper is organized as follows: In the next section,

details of the calculations of analytical expressions for the myg

linear and nonlinear refractive index changes, using algebraic m* (P, T)

formalism, are presented. The results and discussion are pre-

sented in Sec. 3. Finally, in the last section, a brief conclusion Herem, is the free electron mas&L = 7.51 eV is the

2 1
+ .
Eg(PvT) By, (PvT)+AO

gap

=1+Ep (5)

IS given. energy related to the momentum matrix eleméxt,= 0.341
eV is the spin-orbit splitting, amEgap(P, T) is the pressure

2. Theoretical Background and temperature-dependent energy gap for the GaAs quan-
tum well at thel'-point [41]. The expression foEgap(P, T)

In the effective mass approximation the Sidinger equation is
for an-type DDQW under hydrostatic pressure is given by:
) EL(P,T) = EL(0,T) + bP + cP?, (6)

2 d gap gap
whereEg, (0, T) = 1.519 — (5.405 x 107*T?2) /(T + 204),
= E(P)y(z,P), (1) b=0.0126eV/kbar, and c =3.70"° eV/kbaF [41].

) ] ) ) In this work, the variation of lies within the range be-
whereP is the hydrostatic pressure in units of kbEli(z, P)  tween 0 and 10 kbar. We restrict ourselves to consider values
is the pressure dependent confinement potentialand>)  of p pelow the point of transition from the direct to the in-
is the pressure dependent effective mass. Usually, the elegirect energy gap regimes, induced by pressure in GaAs. In
tronic structure calculations in GaAs-type DDQW can  aqdition, we limit our calculation in this work to temperature
be carried out by solving a single band effective massr=g k.

Schidinger equation with a V-shaped Thomas-Fermi poten- Moreover, the confinement potential can be related to the

tial or by means of a self-consistent approach for each valug || known Thomas-Fermi potential through the following

of i _ . H analvsis s introd relations,
convenient way to perform such analysis is introduc- V(P =0)

ing effective atomic units. We suppose that at low hydrostatic V* = BP0
pressure all physical properties can be expressed in terms of y(P=0)
the effective Bohr radius and effective Rhydberg. In OtherwhereV(z P = 0) is thed-doped well potential aP = 0

way, the energies are given in units of the effective R_hydber%nd is described within the self-consistent Thomas-Fermi ap-
Ry (P) and distances are given in terms of the effective BOhrproach [43] by:

radiusag(P).

@)

In term of dielectric constant(P) and electron ef- a?
fective massm*(P) are given the effective Bohr radius V(z,P=0) = NCAEEES (8)
ay(P) = e(P)h?/m*(P)e? and the effective Rhydberg " "
* 2 * -
Ry(P) = e /2¢(P)ag(P). with a, = 2/(157) andzon = (a3 /7 Nag)'/3, Nog is the

I;urthern:oret, ﬂt]'el energy, p_(t)tsition,.;vaxe;f]ggti;n andyyo_dimensional impurities density of thetype DDQW.
confinement potential can be written ds(F) = y(P), It is worth mentioning that the solution of Eq. (2) gives

_ * ok _ * *—1/2
z = 2z GQ(P), *¢(z,p) = Y7(2)ag "7(P) and  gpergy leveldz, and their corresponding wavefunctions.
V(z, P) = V*(2)Ry(P), respectively. . _ Their correspondence for a value Bfis:
Within this context, the Scldinger equation can be writ-
en as: P ) ) Ey(P) = E§ Ry (P), ©
—a PV = B @)
The inclusion of pressure effects is made via the varia—and e1/2
tion of the main input parameters upéh[18, 37, 38]. At Yo(P) =voag ' (P). (10)
the GaAsI'-point conduction band minimum, the following
relation for the energy band gap holds; After obtaining the subband energies and their corre-
sponding wave functions, the linear refractive index changes
Eqap(P) = E1 + 8P, 3 (An(l)(w)/n,.) and the nonlinear refractive index changes
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(An®) (w,I)/n,) for the intersubband transitions can be and
readily calculated as [44,45]:

3
AnM(w)  [Myof2 m*kpT { (Ef — E; — hw) ] <An< >(w,I,P)) _
(EL)7 + (h/mn)? o e
1 + exp((Er — Eo)/kpT]
x In _ (A1) where (An™M(Q, P = 0)/n,),, is the linear refractive in-
1+ exp[(Er — E1)/kpT] : 10 =
dex changes for the intersubband transitions between the
whereEly = Eyo — hw, andEyg = E; — E, is the main  ground state and the first excited statePat= 0 kbar, and
intersubband transition. The third order correction is given = arg[max (An®(w, P = 0)/n+),,] presents the value
by, of resonance for intersubband transition 1-0.
Writing expressions (15) and (16) in relative effective

Ny

n® (w1,
(A ( IP)> .

An<3)(Q,P:O)) ’
10

[

nr  2n2¢q mh2Leg

3) 2
An(w, 1) = —MC‘MIO‘ ! atomic units at T=0 K,
ny dnfeo  [(E1E)? + (h/Tin)?]?
L mkpT [ 1+ expl(Br — Eo)/kpT] (An(”(w,P)> _ m*(P)e(0) AEy(P) — hw
wh2Lesr 1+ expl(Er — B1)/kpT) n, e M (0)e(P) AE19(0) — hQ
A (0) — B)? + (h/7in)?
” My — M, (AFw 17
ABTS | Myol® — (Eml)l+(00|){ 3, (12 ) [(AEw(P) —hw)? + (h/7in)? ]’ a7)
the term in bracket$- - -} is given by: and
B\ 2 B\ 2 (An(3) (w, 1, P)) _2n,d <An(1)(w7P)>
{E%J Eio(Ey)— (m) 1 - (m) [2E10 — hw]}v n, o €oc n, el
1
here,Elq denote the quantized energy level d_iffer_ence f(_)r the x (AE10(P) — )2 + (7o)
first excited state and ground stafeis the optical intensity
of incident wave is the permeability; is the speed of light |M10(0)|2 e(P) m*(0) } (18)
in free spacelef is the effective spatial extent of electrons €2(0) m*2(P) |’

in subbandsy,. is the refractive index and,, is the intersub- ,
band relaxation timer(,, is a constant, with numerical value where AEo(P) = AE;0(0)=2) x <O furthermore

m*(0) e (P)’
0.14 ps [45, 46]). _ AFE10(0) = E;(0) — Ey(0) denote the difference between
The matrix element given by the final state and initial state for P=0 kbar. Now, we define
Lo/2 the relative matrix element as:
My = " dz. 13 Mo (P
w= [ GiEmn): (13) My, — Mio(P) 19
—Lo/2 Mi(0)

Since hydrostatic pressure does not break the symmhich can be written in effective atomic units as,
metry of a symmetric potential configuration [1], then

My, = My = 0. Therefore, the expression Eq. 12 can m*(0)  €(P)

be reduced to: Mo = m(P) " €0) (0)
(3) 2
S S P . . S— Finally, using Egs. (11), (12), (17) and (18), one
Mr dnzeo {(E15)* + (h/7in)?} can express the relative total refractive index change
DT (el Bt (A P8
WhQLeff 1+exp[(EF 7E1>/l€BT]
o ) An() (w T, P) AnM (w, P)
x [4(Ef) | Mao [, (14) — ) =
T rel T rel
The relative linear refractive index changes An(3>(w I,P)
(AnM(w, P)/n,) , and relative nonlinear refractive index + (n”) (21)
changes(An(3) I P)/n,),, are given by: " rel
An® (w,P) Therefore, the effect of hydrostatic pressure on these op-
AnM(w, P) B (7% ) 15 tical properties (Egs. (17) and (18)) can be written in terms
N, el N (An(l)(Q,P:O)) ’ (15) of the mass and the dielectric constant, which are pressure
nr 10 dependent.
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FIGURE 1. Confinings-potential profile and subband energies with  Ficure 3. Relative linear refractive index changes as a function

their wave functions for P = 0 kbar (Solid curves) and P = 5 kbar of the photon energy for (1-0) intersubband transition for (a) P=0

(Dashed curves) faN;q= 7.5 x 10'* cm™>. kbar, (b) P = 5 kbar and (c) P = 10 kbar. The bidimensional density
iS Nog = 7.5 x 10'% cm™2,
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1012 cm™2. FIGURE 4. Relative nonlinear refractive index changes of the (1-0)

intersubband transition as a function of the photon energy for P = 0,
5, 10 kbar with | = 0.5 MW/crh andNyg = 7.5 x 10'2 cm™2.

3. Results and Discussion _ _ _
Figure 2 shows the energy difference between the first

We have theoretically investigated the linear and nonlineaexcited state and the ground state as a function of pressure.
refractive index changes for the intersubband transition (1Here, it can be observed that the energy difference increases
0) in DDQW. Figure 1 displays the confinement potentialwhen the pressure increases as well. A similar behavior was
profile, subband energy levels and wave functions associatagbserved in V-groove quantum wires [4].

to these energy levels in DDQW, for a doping concentration In Fig. 3, the linear refractive index changes are plotted
Naq = 7.5x10'2 cm~2. Solid (dashed) curves correspond to as a function of photon energy for three different pressures,
to P = 0 (P = 5 kbar). By increasing the pressure the po9, 5 and 10 kbar, with% 0.5 MW/cm?. When the pressure
tential is more attractive and the associated wave functioincreases, the linear RIC shifts toward higher energies. The
more compressed and localized. This behavior was also olmnain reason for this shift is the increment in energy difference
served in quantum dots under hydrostatic pressure [33]. Tbetween the ground state and first excited state, by increasing
this respect, it is well know that application of hydrostatic the pressure (Fig. 2). Taking into account Eqg. 11, we can see
pressure turns out in a modification of the physical properthat the function in the second factor on the right-hand side
ties [40,47,48], mainly due to deformation of the interatomichas two structures centeredfat = +AFE = +(E; — Ep).
bonds [49]. As pressure increases, the dielectric constant d&herefore, in Fig. 3 there are two resonant peaks in each
creases and the effective mass increases [40] leading to a dairve. Also, it is observed that the peak of the linear RIC
creasing in effective Bohr radius and an increasing in the efincreases as pressure increases. This behavior results from
fective Rhydberg [1]. So, electrons are more confined ané modification of the physical properties as the pressure in-
localized, see Eq. (9) and Eqg. (10). creases. Mainly, when the pressure increases, the dielectric

Rev. Mex. Fis60(2014) 161-167
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FIGURE 5. Variation of the total relative refractive index changes FIGURE 7. Total relative refractive index changes versus the pho-
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hydrostatic pressure fa¥zq = 7.5 x 10" cm 2, I = 0.5 MW/cn? and under hydrostatic pressure P=5 kbar.

constant decreases and the effective mass increases [40] lead- We show the square dipole matrix elements as a function
ing to an increasing in the relative linear RIC (see Eq. (17)).of pressure in Fig. 6. As we can see, the dipole matrix ele-

Figure 4 displays the nonlinear RIC as a function of pho-ments decrease with increasing pressure. This kind of result
ton energy for three different pressures with | =0.5 MWJcm was also found in quantum dots [33] and simple quantum
Itis seen that the nonlinear RIC shifts toward higher energiesvells [32] under hydrostatic pressure.
as pressure increases, in agreement with Fig. 2. In Fig. 7 the total RIC is plotted as functions of the pho-

In Fig. 5, the total RIC as a function of the incident pho- ton energy for different incident optical beam intensities as
ton energy for three different hydrostatic pressure values witlwell as for two values of hydrostatic pressure. RIC peaks
I = 0.5 MW/cn¥ is shown. As can be seen in this figure, for ashow a blue-shift and a significant enhancement as hydro-
constant incident optical intensity, as the hydrostatic pressurstatic pressure increases. On the other hand, total RIC de-
increases the magnitude of the total RIC increases and alsweases as the incident optical beam intensity increases. This
shifts toward higher energies. The shift is compatible withdrop was also observed in simple quantum wells under pres-
other quantum structures [4, 31]. Those results have simisure [50]. Moreover, the higher optical intensity will, in-
lar behavior with linear refractive index changes. The maindeed, cause a decrease in the nonlinear term, while the linear
reason for this behavior comes from changes in quantum corterm does not change with beam intensity (see Eq. 11 and
finement as hydrostatic pressure increases. The quantum cdgg. 17). Because these two terms are opposite in sign, any
finement change causes an increment of the electron energycrease the incident optical intensity will increase the mag-
difference between the lowest two subbands, where an optiitude of the nonlinear term, on the contrary reducing the net

cal transitions occurs. (An(mt) (w, I, P)/nT)rel'
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Keeping the beam intensity at a constant valueintrasubband processes [52]. In our case, these details about
| = 0.5 MW/cn¥ and P = 5 kbar, we have investigated theintrasubband processes are even more important due to the
effect of doping density on the total RIC, see Fig. 8. The to-indirect character (quantum well for electrons and barrier for
tal RIC is plotted as a function of photon energy for differentholes) of the delta-doped quantum wells. Within this context,
values of bidimensional density. The total refractive index in-further studies of the polarization sensitivity and temperature
creases and also shifts toward higher energies as the dopidgpendence of the optical properties in delta-doped quantum
concentration increases. Similar results have been report iwells are needed. Even more, experimental works are re-
AlGaN/GaN quantum well heterostructures [2,5] and in deltaquired in order to unveil: firstly the linear and nonlinear op-
doped quantum well [50]. tical properties, secondly if the subband processes involved

If we compare Fig. 8 and Fig. 5 we can see that theare of intrasubband or intersubband character, and thirdly if
changes in concentration have a much stronger effect on réhe plasma oscillation model or the hot-electron bolometric
fractive index than the changes of pressure. Therefore, if it i€ffect can explain the experimental outputs.
desired to achieve a large change in the refractive index, high
bidimensional densities are recommended. 4. Conclusions

As a final remark, it is important to discuss, some aspects
that can be relevant from the experimental standpoint. It idn the present work,we obtained a new algebraic expression
well known that the peaks in the absorption spectra can bef the linear and nonlinear RIC, under hydrostatic pressure
readily distinguished by their polarization sensitivity [51,52]. in DDQW. The linear and nonlinear RIC under hydrostatic
In particular, the peaks associated to the intersubband prgressure can be explained through the pressure dependence of
cesses, can be distinguished using light with polarization petthe effective atomic units. Our results obtained with theoret-
pendicular to the quantum well plane. On the contrary, thacal model of pressure show that the linear RIC is not related
peaks related to intrassuband processes can be favoured whenthe incident optical intensity, whereas the incident opti-
the light is polarized parallel to the quantum well plane. Itcal intensity has a great influence on the nonlinear change.
is also known that the optical properties are pretty sensitivdioreover, the total RIC will be reduced as the incident op-
to temperature, so different mechanisms such as plasma aseal intensity increases. Additionally, we have shown that
cillations and hot-electron bolometric effect have been proincreasing the hydrostatic pressure, the refractive index spec-
posed to explain the absorption peaks associated to intrasutsum is blue-shifted and changed in magnitude. Our model
band processes [52,53]. Specifically, at room temperaturis very simple to implement and it can reproduce results of
the plasma oscillation model explains quite well peaks senether approaches. Our calculations also reveal that RIC is
sitive to light polarized parallel to the quantum well plane, very sensitive to the bidimensional density of DDQW.
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