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Theory of Raman spectra of heavily doped semiconductor multiple quantum wells
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We present theoretical studies of the Raman spectra of heavily doped GaBa;AlAs multiple quantum
wells in an attempt to understand the effects of heavy two-dimensi@baldoping on the electronic structures
and optical properties of semiconductors. Samples of GaA&#&l_,As multiple quantum wells with
x=0.2 and 0.4, well-barrier widths around 100 A, and 2D electron densities up to morextktiicm 2 are
examined. Intersubband and intrasubband Raman plasmon modes are calculated with an energy-dependent
effective-mass theory, which takes into account the band nonparabolicity. The screened external potential due
to impurity and electron charge distribution including the exchange and correlation effects are calculated
self-consistently within the local-density approximation. The resulting Raman spectra are found to be sensitive
to the shape of the screened potential, and they are in qualitative agreement with experimental data.
[S0163-182696)01039-9

l. INTRODUCTION reported®'11?However, systematic theoretical studies of the
optical properties of heavily doped quantum wells have not
Doping of semiconductor quantum wells has been of in-been fully conducted. The main differences between the low-
terest to electronic device industries and scientific researctioping and high-doping case are as folloW®: carrier en-
societies. Electrons doped in narrow quantum weélll ergies of interest are high, so the nonparabolicity effect can
widths <100 A) form a two-dimensional electron gas not be ignored;(2) the band bending due to the self-
(2DEG), and populate in confined quantum states in theconsistent potential and exchange-correlation effects be-
wells. There have been many investigations over the years @omes important; an) higher subbands and many uncon-
properties of 2DEG related with doped quantum wells orfined (above-barrier states are needed to describe the
5-doped semiconductofs! The fundamental electronic ex- intersubband transitions correctly.
citations of doped semiconductor quantum wells are single- In this paper, we report theoretical studies of the Raman
particle excitations and the collective modes which includespectra of heavily doped GaAs-Aba; _,As multiple quan-
both intrasubband and intersubband plasmons. These colletsm wells in an attempt to understand 2D doping on the
tive modes can interact with longitudinal-optical phononselectronic structures and optical properties in semiconduc-
and single-particle excitationdeading to Landau damping tors. Cases of well-doped and barrier-doped multiple quan-
of the plasmohwhen their energies nearly coincide. A gen- tum wells are studied. Samples of GaAs;8h; ,As mul-
eral review of the properties of collective modes and theirtiple quantum wells witrk=0.2 and 0.4, well-barrier widths
interaction with phonons in semiconductor quantum wellsaround 100 A, and 2D electron densities up to more than
can be found in Ref. 8. 1x 10" cm™2 are examined. Intersubband and intrasubband
Raman spectroscopy is the ideal tool to probe the collecRaman plasmon modes for realistic samples which involve
tive electronic excitations in semiconductors, and it has beeright quantum wells are theoretically analyzed. The number
used with great success to study heavily dopedf quantum wells is chosen so that the total length of mul-
semiconductor$® The results can be fully understood in tiple quantum wells is comparable to the penetration depth of
terms of the phonon-plasmon coupled modes within the conthe incident photon in order to maximize the signal-to-noise
tent of linear-response theory. The situation in quantunratio in the Raman measurements. In our calculations, the
wells is more complicated due to the existence of many subenergy-band nonparabolicity, the many-body-exchange cor-
bands. Depending on the polarizations of the incident andelation, and the dynamic dielectric screening are all taken
scattered light in the measurement, the Raman scattering camo account. To simplify the computation, an “effective
probe either the charge-density excitati@DE) when both  Hamiltonian” method is developed, which is shown to im-
polarizations are parallel, or the spin-density excitationprove substantially the efficiency of the calculation of Ra-
(SDE) when the two polarizations are perpendicdlafhe  man spectra compared with the direct evaluation of the
difference between CDE and SDE energies in the Ramadensity-density correlation function. The resulting Raman
spectra is called the “depolarization shift.” Theoretical cal- spectra are found to be sensitive to the shape of the screened
culations of Raman spectra of low-doping quantum wellspotential, which in turn depends strongly on the doping pro-
without including the self-consistent potential have beerfile. A comparison between theory and experiment for the
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well-doped case is presented. More detailed experimentaler height. This is what we need for studying collective
studies of both the well- and barrier-doped cases will bemodes of doped AlGa; _,As/GaAs quantum wells involv-

presented elsewhet?. ing unconfined states.
For practical purposes, it is rather inconvenient to use
Il. THEORY expressior(1) for calculating electronic states of a quantum

well, since it is difficult to handle the kinetic-energy operator
We shall consider Raman spectra due to charge-densibrresponding tgwith k,= —i(d/9z)]
excitations of a heavily doped GaAs-GagAl As multiple-
quantum-well system. The electronic states of the multiple 2 12
Eq+ 7V(2) (1+ 4EKS ) 4 -
[Eg+ 7V (D)) ’

guantum well are described in an energy- and position- E(k,)=
z
2

dependent effective-mass approximation, which takes into
account both the nonparabolicity effect and the difference in =~ | ) ) )
effective mass for the well and barrier materials. In thisWhich is the solution to E¢1) with k;=0. However, if both

model, the energy of an electron in a quantum well is dek; and 7V, are much less thal;, we can approximate the

scribed by above expression bykeeping only the first order term of
nVIEg)
2
B0 = T3 ek t V(2)]/E,’ @ Eq 2\ )
[E()+7V(2)]/Eg Ek)=5'| |1+ 57| —1]-KinvaiE. @

whereE, is the fundamental gap of GaAg(k) is the en- ) o
ergy of the electron in the system measured with respect tblote that the last terrfreferred to ad',) is not Hermitian if
the bottom of the well, an¥(z) is the quantum-well poten- We letk,=—i(d/dz). To circumvent this difficulty, we re-
tial which is zero forz in the well andV, in the barrier. is place the term byT,=4d,(7V(2)/Ey)d,, where d_means

an empirical factor less than 1, which is to be determined:‘taking the derivative of a function to the left,” anél means
Here and henceforth we use the units in which the energy istaking the derivative of a function to the right.” The above
measured in the effective rydbergs, Ry13.6 eV  procedure is valid, since the expectation valueTgfin a
my/m* (0), wherem* (0) is the effective mass of the well state completely confined in a given matefisell or barrie)
material, and the distance measured in bay=0.529 A.  gives the right correction to its kinetic energy. We can now
For an electron in the welly(z) =0, and the above relation solve the quantum well problem using a plane-wave basis.
is the same as that given by Bastard’s two-bkng model* For ease in computation, we consider a multiple quantum
ie., well with well width L,,, barrier widthL,, and depthV,
placed inside a large square well of width
(L>>L,+Lp) and with an infinite potential barriefsee
Fig. 1. The widthL can be arbitrarily increased until the

Thus the band nonparabolicity is properly taken into accountlinal results are .insensitive to, at which point the results are
For an electron in the barrier materfalith V(z) equal to the  COrrect for an isolated multiple-quantum-well system. Let
band offsetV,], Eq. (1) leads to a nonparabolic effective Tn @1d ¢,(2) be the kinetic energies and eigenfunctions of
mass expression with the zone-center effective mas&" electron in the infinite well with,=0 andk =0, viz.,
(GE/[a(K?) D2y, =m* (0)[1+(2+ n)Vo/Egl, which is

larger than the effective mass of the well material. Here we Eq 4K3\ Y2

have used&=V,, the minimum energy of the electron in the Th= 2 1+ E -1 ®
barrier material. We now determine the empirical facior 9

For GaAs,m* (0)=0.065n; (my is the free-electron mass with k,=n#/L and

at T=300 K, including the polaron effe¢t. The band gap
for Al ,Ga;_,As at room temperature is given y

E(1+E/Eg) =K 2)

2 1/2
¢n(z):<[) sin(nwz/L). (6)
Eg(X)=(1.424+1.24'K) eV,

The eigenstates of the entire system with the multiple
quantum wells present and including the effects due to the
mismatch of effective masses inside and outside the quantum
Vo(X)=[E4(x) —E4(0)]0.65, wells are expanded in terms of the basis functiginsas

and the quantum-well depth is given by

where the 65/35% rule has been usédlsing the energy- \

dependent effective-mass relation, we obtain an effective _ i

mass of AlGa;_,As to be 0.06p1+ 0.569(2+ 5)x]m. fi(z)‘n; Cabn(2). @)
Comparing this expression with the experimental v&loé

0.065(1+ 1.23%)m,, we obtainp~0.18. So Eq(1) is suit- The expansion coefficientS,, are obtained by solving the
able for describing electrons in 4Ba, _,As/GaAs quantum Schralinger equation for the system self-consistently within
wells even when the electron energy is higher than the bathe basis setincluding the correction due t®,), i.e.,
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fThe parameteb describes the spread of the impurity con-

centration around the interface. Throughout this paper, we
hall assumé&=10 A. Similarly for uniform doping within a

guantum barrier, we repladg, by L}, in the above equation.

The carrier charge distribution is denotpglz), which can

be calculated once the subband enerdigs) and eigen-

functions&;(z) are found. We have

whereV,q,, denotes the multiple-quantum-well potential o
interest, andV. is the screened potential due to impurities
and free carriers. A total of 200 basis functions will be use
in our calculations. We assume that the impurity charge dis
tribution is uniform in thex-y plane and is described by a
z-dependent functiorp,(z). For uniform doping within a
guantum well of widthL,,, we assume

(2)= 22205 2e
pla)=p, 9t peld)== 22 X flu—Eik)l&@)I°
l
wheree denotes the electron chargey, is the average layer
doping density, which equals the average 2D carrier density, — _eE n-2D| &(2)|2 (10)
- [ !
1

andg(z) is a hatlike function defined as
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FIG. 2. Raman spectra of well-doped multiple
GaAs-Aly,GaggAs quantum wells with (a)
n2D=3.O>< 1012 Cmiz, (b) Nop= 5.7X 1012
cm~2, and(c) n,p=1.06x 10" cm~? per quan-
tum well. L,=L,=100 A. Dashed curves: with-
out Coulomb interaction. Solid curves: full calcu-
lation.
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WhereniZD=Eka[,u— Ei(kj)] denotes the 2D carrier density
for subband i, w is the chemical potential, and
f(u—E)=1/(eE~#/%8T+ 1) is the Fermi distribution func-
tion. The subband enerdy; (k) is derived as follows. From
Eq. (1), by taking the derivative oE(k) with respect td<”
we can express the kinetic energy at firkteas the kinetic
energy ak =0 plus a quadratic term ik (ignoring higher-
order termg& We have

2

~ K]
E(k)~E(k=0)+ 1+(2E(k)+ pV)/E4’ .

Replacing the operatd¥ by its expectation valu®; in the
statei, E(k) by the subband enerdy;(k), andE(k;=0) by
E?, we obtain

Ei(k)~{V(Eg+ 7V, = 2E?)2+ 8 Egki + (Eq+ 7V,)E]
—(Eg+ nV,—2ED)}/4. (12)

We definep(z) = p,(2) + p(2) to be the total charge dis-
tribution, which satisfies the charge neutrality condition

f dzp(2)=0.

The self-consistent Hartree potential seen by an electron is
given by

VH(Z): (o)f d3 ,pt(z )

e ! ! !
WWJ dz' p(2)|z—2'|, 13

where the charge neutrality condition has been used and
€(0) is the static dielectric constant. In our calculations, we
usee(0)=13.18-3.1%, wherex is the Al mole fraction in
Al,Ga;_,As. The net screened potential is the Hartree po-
tential plus the exchange correlation potential, i.e.,
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Vsd2) =Vu(2) +Vy(2), In the random-phase approximati¢RPA), we havé?
whereV,(z) denotes the Kohn-Sham exchange correlation

(
potentla’r8 within the local-density approximatiofLDA ). Dii,kI:DEI‘Sik‘sJIJr;1 DinViJ,mn(Q)Dmn,kl’ (16)
V,«(2) is a function ofp.(z) with an accurate relation given
by Ceperley and Aldé for the free-electron gas in a jellium Where
model. A convenient interpolation formula f&,(z) as a
function of p, can be found in Ref. 21. 22 fIEj(k+a)]—f(E (k))
The Raman intensity due to charge excitation is related to Ej(k+a)—Ei(k)—
the density-density correlation functid@(z,z’,w) by

with f(E) being the Fermi-Dirac function and

R(w)z—lmj dz dZe '9427)D(z,2' ,w), (14) 3 2me? -
Vijme(@)= | dz dZ _moendle s
whereD(z,z") is expanded in terms of eigenfunctions of the , ,
et s ) 1S E® ’ XEDEDEEZ), A7)
wheree(«) is the high-frequency dielectric constant. In our
D(z,z") Dij wéi(2&(Dé(Z)&(Z'). (15 calculations, we use(~)=10.92(1-x)+8.16x (Ref. 18.

K| Note that the indexj (kl) labels an excitation in which the
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electron is excited from staigk) to j(I). In this paper, we where p;;(q,)=/dz€%%¢(2)¢;(z). The matrix elements
are only concerned with intersubband plasmon transition¥;; »,(q) andp;;(q,) are given in the Appendix.

with energies much higher than the optical-phonon energy; The direct evaluation oR(w) from Eg. (19) for every
thus plasmon-phonon coupling has been ignored. Furthefrequency is very time consuming. To simplify the problem,
more, sinceV;; y is invariant under the exchange of indices we shall develop an “effective Hamiltonian method” as de-

ij—ji and kl—lk, we can add up théj(kl) and ji(Ik)
components in Eg(16) to obtain

Dij,klzDE|5ik5j|+mZ<n DIVij mPmnk»  i<j;k<l,
(18
whereDj; 1 =Dii xk» Di=D3 Dj; i=Djj i+ Dij ik +Dji
+Dji ik (i<j andk<l), andDJ=D{}+D}} (i<j). Substi-
tuting (15) and (18) into (14) yields

R(w)==Im 3 Dy wPf(@Pud), (19

scribed below. We first note that E(.6) is just the Dyson’s
equation, which can be rewritten as

Di},1|<|:(Di(})715ik5j| —Vij K-

For the small values of considered her&

n; —n;j for i
——5 for i#]j
0 ﬁw—E?j
Dij~ g2 (20)
m;wz for i=j,

and
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— ZEﬂ(ni—nj) o For heavily doped quantum wells, many subbaifiids
ij =m for i<j, cluding unconfined statgare filled with electrons. Thus the
g number of statesN) to be considered can be quite large, and
wheren; denotes the 2D electron density in subbandnd the dimension of theH matrix [which goes like
Ef=E]—E} is the subband energy difference. N(N+ 1)/2] become too large to be handled efficiently. Let
Introduce the scaling factor us consider the charge excitations involving only unconfined
states, i.e., with subband index N, whereN, is the num-
\/ZEﬂ-(ni—nj) for i<] ber of quantum-confined states. If both subbaindadj are
A= \/m for i=j, unconfined states and their energies are close; then the elec-

_ o - . tron populations are almost the same and we Hgye 0 for
and_letting Di}y}(IEA”Dﬁ(IAkl, (D?j)*lEAij(Dg)*lAij ,  1#]. Furthermore if subbandsandj are greatly separated in
andV;; y=A;;V;; kAx ,we then have energy, we have/ij_,m(q)%o due to the quickly oscillatir]g

nature of the functiorf;(z) §;(z). Consequently, we can ig-
Bfl:(ﬁw)Z_ﬁ, nore the matrix' elementsd;; whgn eitheri fj with
i,j>N¢ ork#I with k,| >N, . By keeping only the intersub-
where band excitations involving at least one confined state and the
intrasubband excitations for all subbands witN, we can
ﬁij'k,E(Ef})zéikﬁﬂ+'\u/ijyk,. reduce the dimension of thid matrix from N(N+1)/2 to

~ N+ 1)N—N(N:+1)/2.
H behaves like an “effective Hamiltonian,” with diagonal (Ne+1) o(Net1)

elements being the square of excitation energies plus the in-
teraction term. Sinc#l is independent ob, we only have to

find the transformation matri$ which diagonalized, and
we immediately obtain

Ill. RESULTS

All results shown here are obtained from Eg1), with
the temperature set at 300 K and the broadening parameter
Dij,sz Sij,mn[(ﬁw)z_)\mn]_lskl,mnv r se'_[ at 5 meV. The momentum transfer_parallel_to the plane
mn (qj) is assumed to be nearly zero, consistent with the back-
scattering geometry used in experiment. In Fig. 1, we plot

where A, denote themnih eigenvalue oH. Finally, we the total potential,V,qwt Vsc S€€N by an electrolower

have curve and the doping profil§upper curve in a multiple
GaAs-AlLGa; _,As quantum well. ~We choose
R(w)=—Im > [(ho+iT)2=Ami] YBmn(a)|2  (21) L,=L,=100 A andN,=8. Both the buffer and cladding
m=n layers are undoped AGa; ,As, and are assumed to be
where 800 A thick. In(a), x=0.2, and each quantum well is doped

with n,p=1.06< 10" cm~2. In (b), x=0.2 and each quan-
tum barrier is doped such thajp=1.20x 10" cm™~2. In (¢),
= = N AS x=0.4 and each quantum barrier is doped such that
P92 ; Pri (8=} Sy, Nop=1.3x 10 cm™2. The doping profile is given by E¢9)

Note that we have introduced the broadening fattan the a_md the impurity distrib_ution is plotted on top of the_ poten-
last step. The effective Hamiltonian method introduced herdidl- The energy zero is taken to be the conduction-band
not only reduces the computational effort but also makes th@inimum of Al ;Gag gAs far away from the doped region.
results much easier to interpret. Using E2{l), we can view The dashed Ime indicates 'the Fermi level. Due to heavy dop-
the Raman spectrum as a linear superposition of many intef0d the potential of the entire multiple-quantum-w@QW)
subband plasmon transitions, each having a transition enerd§gion is dramatically lowered by the self-consistent
VN mn and oscillator strengthip,,/2. Due to the repulsive scrt_aened potentlal.. In the limit of zero width of the MQW
interactionV, each transition energy is shifted up from the '€gion, the system is reduced t@aloped AlGa, -xAs sys-
intersubband energg?,, This shift in energy shall be called t€m, and the total potential approacheg-ahaped potential
the “Coulomb shift,” to be distinguished from the depolar- 8S expected. In each quantum well there are two confined

ization shift. subbands, which are heavily occupied. The charge-density
It is easy to show from Eq21) that the following sum €xcitation from these occupied levels to the nearly unoccu-
rule holds, pied excited states near the Fermi level leads to prominent

structures in the Raman spectra.
- - There are three major differences between the well-doped
f R(w)odo= EE |5mn(qz)|2=§2 |AnPmn(0)|2  and barrier-doped multiple quantum wells with the same Al
m=n m=n mole fractionx=0.2. (1) The potential shape at the bottom
(22) of each quantum the well has a slight downward bowing for
So the integrated area efR(w) remains unchanged whether well-doped case(where the electron charge distribution
we include the Coulomb interaction or not. nearly cancels the dopant charge distributioand has a
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large upward bowing for the other caéehere the charge tional shoulder feature labeled 2-decomes apparent in the
distribution of electrons and dopants are spatially separatednoninteracting spectrum, wheré& 8lenotes a “third” energy
(2) For the well-doped case all eight quantum wells havdevel, which corresponding to a resonance in the unconfined
almost the same potential minimum, whereas for the barriercontinuum states. Once the Coulomb interaction is included,
doped case the potential minimum of the well near the centethe 1-2 transition is shifted to around 1010 ¢t The shoul-
is much lower than that of the well near the ed¢®.In the  der structure also moves up to around 1100 ¢nirhe Cou-
barrier-doped case, two additional quantum wetae on lomb shift for this is smaller, since the factonz(— n3) is
each sidgwith a parabolic potential are formed at the out- Smaller than §; —ny). Since many higher levels are occu-
ermost doped AlGa; _,As layers[see Figs. (b) and 1c)]. pied, the F_i_aman spectrum contains many intersubband plas-
We shall refer to these quantum wells as the parabolié"on transitions and it has a much broader feature.
Al,Ga,_,As wells. All these will affect the energy separa- N Fig. 3, we show the calculated Raman spectra of
tions between the lowest-lying subbands, and therefore tharrier-doped muItlpIeZ Ga_AZS‘"NZGaO-BAS quantum V‘iez"S
peak positions of the intersubband plasmons. Thus, we e>¥y'th (8) nyp=2.9x 1013 cmﬁz, (b) np=5.4x10 cm %,
pect the Raman spectra to be sensitive to the doping profil@nd (€) nyp=1.20X 1¢ cm™* per quantum well. H.e.mZD

In Fig. 2, we show the calculated Raman spectra of mul’s the total 2D density of the MQW structure divided by

. . N,,, although there ar&l,,+1 doped barrier regions. Here
tiple GaAs-AlyGaygAs quantum wells doped witha) wr W - i
Nyo=3.0x 102 cm~2, (b) Nyp=5.7X10% cm~2, and (¢ N.=18 for (a) and (b), since there are two additional con

5 . fined states in the parabolic Mba;_,As wells, and
N2p=1.06x 10°% cm™# in each quantum well. The Fermi N=48. For(c), we used\.=28, since more subband states
levels in these structures are 75, 120, and 180 meV, respegacome occupied. The Fermi levels in these structures are
tlvely abpve the lowest confined level. Both the well and65, 90, and 170 meV, respectively, above the lowest con-
barrier widths are kept at 100 A, amé,=8. In our calcula-  fined level. Both the well and barrier widths are kept at
tion, No=16 (since there are two confined levels for each10g A. The total potential profile fofc) has been shown in
quantum well andN=48. The total potential profile foic)  Fig. 1(b). Without interaction, the 1-2 transition peaks at
has been shown in Fig(d). In each plot, the dashed curve is around 500 cm® for case(a) (lowest density and shifts to

the result with the interactiorM) set to zeranoninteracting  lower energy[at around 400 cr?® for (b) and 200 cm'* for
spectrum and the solid curve is the full result. If@), the  (c)] as the 2D density increases. This is caused by the change
Fermi level is slightly above the minimum of the secondin potential profile at the bottom of the quantum well, which
subband, so the lowest confined subband in each quantugbes from a slight upward bowing at low density to a very
well is heavily occupied and the second subband is lightlyarge upward bowing at high densifgee Fig. 1b)]. The
occupied, while the higher subbands are essentially emptyipward bowing tends to reduce the 1-2 energy separation,
The transition from the first to the second subbdlatbeled  since the wave function of level 1 is peaked at the center and
1-2) in each quantum well leads to an intersubband transitiomfluenced most by the bowing, while the wave function of
peak at around 600 cnt in the noninteracting spectrutthe  level 2 has a node at the center, and hence is much less
dashed curve and its corresponding intersubband plasmonaffected by the bowing. The reduction in 1-2 energy spacing
peak is around 850 cm' when the Coulomb interaction is tends to reduce the facton{—n,), while the increase of the
included (solid curve. Note that the intersubband plasmon Fermi level tends to increase it. The two competing mecha-
mode is a collective mode which is a linear combination ofnisms causer(;—n,) to increase slightly froma) to (b),

the 1-2 intersubband transitidthe predominant component then decrease frortb) to (c). This factor, however, cannot
and many other electronic excitatio@me of them corre- account for the increase of oscillator strength of the 1-2 peak
spond to forbidden transitionsin (b), the first subband is (see dashed curveom (b) to (c). It turns out that although
more heavily occupied, and the second subband becomea, —n,) is reduced fromb) to (c), the number of subband
partially occupied. The 1-2 transition is stronger than that in*1” js nearly doubled in caséc), as the large upward bow-
(a) due to the increase in the factar,(—n,), wheren; is the  ing essentially divides each quantum well into two triangular
2D carrier density in subbarid[see Eq(20)], and the Cou-  wells. This is why we choos®l.=28 insted of 18. The
lomb shift is larger. The peak position of the 1-2 plasmonstrength of the 1-2 transition is greatly enhanced compared
moves to around 930 ciit. The larger factorif; —n,) also  with (b). Furthermore, since the Fermi level is so high, many
enhances the effective interactidh thus leading to a larger transitions involving highers subbands contribute to the ad-
Coulomb shift. Note that if the temperature considered waslitional structures in the noninteracting spectr(see shoul-
zero, and the subbands were parabolic, then the factater structures of the dashed curve

(n;—n,) would remain constant as long as the Fermi level is When the interaction is included, the 1-2 plasmon mode
above the minimum of the second subband. However, gpeaks at higher wave number than the 1-2 transition, just as
room temperature, there is substantial “spillover” from sub-in the well-doped case. Ifb), a shoulder structure due to the
band 1 to 2, when the Fermi level is near the minimum of2-3* transition is again preseftat around 800 cm?). Fur-
subband 2; thus, the facton{—n,) increases fron{a) to  thermore, a feature labeled 2 is found at energies below
(b). Furthermore, the increase of energy spacing betweeR00 cm !. Here I* labels the lowest confined level of the
subbands 1 and 2 as the density increases due to the dowparabolic ALGa;_,As wells formed at outermost doped
ward bowing of the quantum-well potential also causes thé\l ,Ga,_,As layers, whose energy is about 10—-15 meV be-
factor (n;—n,) to increase. In(c), the lowest two confined low the second confined levélevel 2) of the neighboring
subbands are heavily occupied, and some of the higher urfcaAs quantum well. When the Coulomb interaction is in-
confined subbands also become lightly occupied. An addieluded, this transition couples with the 1-2 transition and
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FIG. 5. Raman spectra of well-doped multiple GaAs- F|G. 6. Raman spectra of well-doped multiple GaAs-
AloGaygAs quantum wells  with L,=L,=100 A and Al .Ga As quantum wells with L,=L,=100 A and
nop~3.7X 10" cm~2. (a) Theory; dashed curves: without Coulomb n, '~ 9 6x 10 cm~2. (a) Theory; dashed curves: without Coulomb
interaction; solid curves: full calculation(b) Experiment; the jnteraction; solid curves: full calculation(b) Experiment; the
dashed curve indicates the background from the tail of Raman phqizshed curve indicates the background from the tail of Raman pho-
non signals. non signals.

gives rise to a bump at around 430 ¢ This feature would ~ spectrum. With the interaction turned on they are shifted
not be present if the outermost quantum barriers were naipwards to 850 and 1050 cm, respectively. In(b), the 2-3
doped. In(c), all 1-2 transitions occur at around 200 ¢  transition becomes stronger as the population in the second
thus the X -2 transition is masked. When the Coulomb in- subband is increased. With the interaction turned on, the sec-
teraction is included, the Raman spectrum becomes a broamhd peak gains more strength at the expense of the first peak,
feature centered at 850 ¢m. Comparing Figs. 2 and 3, we and it becomes the dominant peak at around 1100 trm
noticed that the Raman spectra are quite different for well{c), all three confined levels are occupied, and the transitions
doped and barrier-doped MQW'’s, even if the electron 2Dfrom the third confined level to higher subbardsconfined
densities per quantum well are similar, indicating the sensistate$ lead to features at energies below 400 ¢mAlso of
tivity of the Raman spectrum to the doping profile. interest is the structure labeled -2* , which corresponds to

In Fig. 4, we show the calculated Raman spectra othe transition from the first subband to the second subband in
barrier-doped multiple GaAs-RlGaggAs quantum wells the parabolic AlGa;_,As wells. The energy of level *1
with (a) ny,p=1.9x10"2 cm™?, (b) n,p=4.4xX10'2 cm~2,  happens to coincides with the energy of level 2 in the GaAs
and(c) nyp=1.36x 103 cm™2 per quantum well. The Fermi quantum wells, so the *£2 transition is absent here. The
levels in these structures are 64, 105, and 160 meV, respeCGoulomb interaction shifts all these peaks upward and modi-
tively above the lowest confined level. Both the well andfies their strengths, with higher-energy transitions gaining
barrier widths are kept at 100 A, aid,=8. The total po- more strength at the expense of lower-energy transitions.
tential profile for(c) has been shown in Fig.(d). Because The comparison between theory and experiment is dem-
the quantum well is deeper, we now have three confinednstrated in Figs. 5 and 6. Experimental data are taken for
levels in each quantum well. Thus we Udg=28 (four more  GaAs-Aly ,Gay As multiple quantum wells withny,=8.
for confined states in parabolic A6a;_,As wells) and The dashed lines in the experimental spectra indicate the
N=48. In(a), the lowest two levels in each quantum well are background contribution from the tail of Raman phonon sig-
occupied, thus both 1-2 and 2-3 transitions are presemals. The sharp structures between 500 and 550'cane the
(peaked around 700 and 1020 cf) in the noninteracting GaAs second-order phonon signals, which should be omitted



11 526 YIA-CHUNG CHANG AND HUADE YAO 54

when compared with theoretical calculations presented herd¢iple quantum well§MQW's). The band nonparabolicity, the

Since the determination of carrier concentration and the dopmany-body exchange correlation, and the dynamic dielectric

ing profile can have uncertainty up to 20%, we can match thecreening are all taken into account. We have introduced an

data more closely by adjusting the parameters used in outeffective Hamiltonian method” which maps Dyson’s equa-

calculation within this uncertainty range. In Fig. 5, the 2D tion for the density-density correlation function into an ei-

carrier density(determined by the Hall measuremenis  genvalue problem for efficient numerical evaluation of the

around 3.8% 10'2 cm ™2, whereas in the theoretical calcula- Raman spectrum. The results are found to be sensitive to the

tion, we haven,p=3.7x10' cm~2. This is obtained by doping profile in the sample, with the prominent intersub-

choosing a Fermi level to be 85 meV above the lowesiband plasmon transition being much lower in energy in the

guantum-well state energy. The theoretical doping profile idarrier-doped MQW than that in well-doped MQW of the

described by Eq9) with b=25 A. The more defused doping same 2D doping concentration. A close comparison between

profile used here than that in previous calculations is needeeixperimental data and the theoretical simulation can there-

to fit the experimental peak position of the 1-2 intersubbandore provide information about the actual dopant distribution

plasmon. Had we usdal=10 A, the calculated results would in these heavily doped MQW's.

have been similar to that given in Fig(a?, and the peak

position of the 1-2 intersubband plasmon about 50 ¢ém

higher. This demonstrates the sensitivity of the intersubband

plasmon position to the doping profile. This is because the This work was supported by the U. S. Army Research

change in doping profile modifies the net screened potentiabffice under Contract No. DAAH04-94-G-0354.

and therefore the energy separations between quantum-well

levels.

In Fig. 6, the experimental 2D densitgletermined by

Hall measurementss 9.86x 102 cm™2, while the theoreti- APPENDIX MATRIX ELEMENTS

cal Valu'e used is 9)61012 Cmiz.'At thIS hlgh doplng |eve'|,' The matrix elements O\f/(q) in the baSiS{¢n} given by

many higher subbands are partlally filled, and the_ tran_szltlonT‘Eq. (6) are defined as

from these subbands to higher subbands give rise to

multiple-peak structures in the Raman spectrum. The first

structure corresponding to the 1-2 intersubband plasmon is

clearly observablepeaked around 880 cm), while the V. ( ):j dz d7 2me

second feature centered around 1050 &ris barely recog- ij,mn(d

nizable from the experimental spectrum. If the background , ,

(as indicated by the dashed cunie subtracted, this feature X $i(2) $i(2) pm(Z") n(Z').

will become more prominent. We tentatively identify this

feature as the 2-3intersubband plasmon. In the experimen- g pstituting Eq(6) into the above equation and carrying out

tal spectrum, the strength of this feature is weaker compareghe integral, we have

with the 1-2 plasmon mode, while in the theoretical spectrum

both the 1-2 and 2-3 plasmon modes have similar peak

heights. More theoretical and experimental works are needed

to resolve this difference. \/ _
Vlj,mn(Q)
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V. SUMMARY ~t(i=j.mEn)Fti—jm-n),
We have presented systematic theoretical studies of the

Raman spectra of heavily doped GaAs;8h;_,As mul- where
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andp=qlL/m. Prn(q) =s(M+n)—s(n—m)—s(m—n)+s(—m-n),
The matrix elements o¥(q) between the eigenstates of
the MQW system are given by where

i[(—1)"e'9-—1]
2(q,L+nm)

5 _ i ~kelyy
VIJ,k|(q) m;,rs CanCrCstn,rs(CI)- S(n)E%deZé(qﬁnW/L)Z:—
0

We define
The matrix elementg;;(q,) are given by

_ L .
Pmn(d) = fo dZéqz¢m(Z) én(2).

i(0)=2 CLCIpmn(ay)-
Substituting(1) into the above, and integrating overyields Py (a2) % mCaPmn(d)
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