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Photoluminescence spectra ofi-doped double quantum wells in a parallel magnetic field
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We show that the photoluminescen@.) line shapes from tunnel-split ground sublevelsnedoped thin
double quantum welllDQW's) are sensitively modulated by an in-plane magnetic fiialdt low temperatures
(T). The modulation is caused by tiB-induced distortion of the electronic structure. The latter arises from
the relative shift of the energy-dispersion parabolas of the two quantum (@N&s) in K space, both in the
conduction and valence bands, and formation of an anticrossing gap in the conduction band. Using a self-
consistent density-functional theory, the PL spectra and the band-gap narrowing are calculated as a function of
By, T, and the homogeneous linewidths. The PL spectra from symmetric and asymmetric DQW's are found to
show strikingly different behavior. In symmetric DQW's with a high density of electrons, two PL peaks are
obtained atB;=0, representing the interband transitions between the pair of the pperantisymmetric
levels and that of the lowdi.e., symmetriglevels of the ground doublets. A% increases, the upper PL peak
develops anV-type kink, namely a maximum followed by a minimum, and merges with the lower peak, which
rises monotonically as a function & due to the diamagnetic energy. When the electron density is low,
however, only a single PL peak, arising from the transitions between the lower levels, is obtained. In asym-
metric DQW's, the PL spectra show mainly one dominant peak &l In this case, the holes are localized
in one of the QW's at lowl' and recombine only with the electrons in the same QW. At high electron densities,
the upper PL peak shows avitype kink like in symmetric DQW's. However, the lower peak is absent at low
B's because it arises from the inter-QW transitions. Reasonable agreement is obtained with recent data from
GaAs/Al :Ga, ;,As DQW’s.[S0163-182899)00411-7

. INTRODUCTION distance between the QW's an=\#c/eB is the mag-
netic length. Carrier motion in thé&, direction is undis-
Physical phenomena in tunnel-coupled quasi-twoturbed. As a result, the energy-dispersion parabolas of the
dimensional double quantum welDQW) structures have two QW's, in the effective mass approximation, intersect
received increasing attention recently. These systems shogach other. The degeneracy at the crossing is removed due to
novel electronic and transport properties, which are absent itunneling, thereby yielding an energy gap in thedirection
single QW’s. Although the effect of the Landau quantizationas illustrated in Fig. 1 for symmetric DQW's and in Fig. 2
in perpendicular magnetic fields in the growdte., z direc-  for asymmetric DQW’s. The lower edge of the gap becomes
tion) has been examined extensively in the past, interesting
effects due to purely in-plane magnetic field|(x) began
to be discovered only recently!* In weakly coupled
DQW's with a wide center barrier, tunneling conductance
can be tuned by;.*~* In strongly coupled DQW's with a
thin center barrierB; introduces anticrossing in the energy
dispersion curves, yielding modulations in the transport
properties such as the resistaii¢é and the cyclotron
masst11*In this paper, we calculate the photoluminescence
(PL) line shapes from tunnel-split ground-sublevel doublets
of strongly couplech-doped DQW'’s and show that the line
shapes are sensitively modulated Byat low temperatures
(T). Our theoretical results vyield strikingly different
B|-dependent behavior of the PL spectra for symmetric and
asymmetric DQW’s. The PL line shapes, evaluated for
GaAs/Al,Ga _,As DQW'’s with »=0.3, agree with recent
data.

Bi=0 Bjj>>0,lowT Bj>>0,highT

FIG. 1. PL energiesshown by vertical arrowsn n-doped sym-

. . . metric DQW’s(a) at Bj=0, (b) in high B)'s and low temperatures,
The effect ofB) is to displace the origins of the transverse , 4 (o) in high By's and high temperatures. The quantityssin-

crystal momentd, in the two QW's away from each other gjcates energy splitting between the symmetric and antisymmetric
in k space byAky=d//f, whered is the center-to-center ground sublevels. The splittings for the holes are negligibly small.
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In asymmetric DQW'’s, on the other hand, holes are local-
ized in one of the QW'’s at low temperatures as shown in Fig.
2. Electron-hole recombinations then occur mainly in the
QW where the holes reside, yielding a single PL peak at all
By's as illustrated in Fig. 2 and observed recenfiyit high
temperatures, however, more PL peaks can occur as illus-
trated by broken arrows in Fig.() due to thermal excita-
tions of the holes.

The organization of this paper is as follows. In the next
section, we present a self-consistent density-functional
theory for the eigen energies and eigen states. A formalism
for the PL line shape is given in Sec. Ill. Numerical results
and discussions are presented in Sec. IV forBpe, T—,

FIG. 2. PL energiesshown by vertical arrowsin n-doped ~a@ndI'—dependent behavior of the PL line shapes of sym-
asymmetric DQW's(@ at Bj=0 and(b) in high B’s. The energy ~Metric .anl% 1;’;13ymmetr|c ‘DQW's, and for the band-gap
splitting in (a) is mainly due to the energy mismatch between thenarrowing:>*" The paper is concluded in Sec. V with some
bottoms of the QW's. The holes iib) are localized in the right Qw  brief remarks.
at low temperatures as shown by the black dots and become delo-
calized at high temperatures as illustrated by the empty dots.

By=0 Bj|>>0

Il. EIGEN-ENERGIES AND FUNCTIONS

a saddle point at a sufficiently hid®y as shown in Figs. (b), FOR ELECTRONS AND HOLES

1(c), and 2b), with a logarithmic singularity in the density of et us consider a double quantum wéllQW) structure
states. With increasing, the two paraboloids move farther in which the width of both quantum wells s, . These two
away from each other, passing the anticrossing gap througfuantum wellSQW's) are separated by a center barrier with
the chemical potentigk indicated by the horizontal lines in thickness.g. Both the left and right QW’s are modulatigh
Fig. 11°7*2The bottoms of the parabolas rise in energy withdoped with the sheet densitiéds and N at the left and
B| due to the diamagnetic energy. The holes here are heavight sides of DQW outer edges. The thickness of the spacer
holes(i.e.,|3/2,+3/2)). Light holes have larger confinement layer betweens-doping layer and the outer edges of the
energy and are not populated at |dw DQW's is Lg. The well material is GaAs and the barrier
Qualitative understanding of thg !<ey features of thematerial is AlGay,_,As with =0.30 being the alloy com-
Bj-dependent PL between the majority electrons and thgosition. An external magnetic fielB is applied in thex
photogenerated holes in the ground doublets can be gaingfirection parallel to the planes of the QW's. In this paper, we
from inspection of the in-plane energy-dispersion curves angyj|| study both symmetric and asymmetric DQW's. For
the momentum-conserving interband transitions iIIustratetésymmetric DQW's, either the widths of two quantum wells
by the vertical arrows in Figs. 1 and 2 for symmetric andare not identical or thes-doping densities on the left and
asymmetric DQW'’s, respectively. In symmetric DQW'’s at right are not the same.
B|=0, the interband transitions between the ground levels |t js well known that the ground state of electron and hole
(ie., lower branchgsand the excited levelsi.e., upper gases in quantum wells can be accurately calculated by the
branchepyield two PL peaks separated by the gap energykohn-Sham density-functional theory at low temperatures.
Asas. The doublet splitting of the hole energy is negligibly |n this paper, we calculate the PL spectrum from the tunnel-
small due to the large confinement mass of the heavy holegpiit ground states of electrons and heavy-holes. The eigen
The saddle point is formed &}, =0 above a sufficiently high  fnction ¢],e‘ky(z) and energ)Ef(ky) for electrons in the Lan-

By (~4 T in our examplgin the conduction band due to . gauge can be calculated from the Kohn-Sham density-
strong tunnel-induced repulsion between the upper and Iowef[mctional theory

branches. At this field, the minima of the electron energy
move away fromk, =0 abruptly as shown in Fig.()). On

the other hand, the repulsion between the lower and uppe;[ k2 d 1 ) . %2 z\2

branches is weak in the valence band. The hole energyl — 5 73| - 73| T Voow D+ ———| ky— —
2 * * 2

minima move away fromk,=0 continuously asB; in- dz| mg (2) dz 2me (2) i

creases, depopulating the holes from Kye-0 area at low e e e e
temperatures and reducing the PL intS?]sity from the upper X ik, (2) TIVA(2) + Vi ne(2) 1} ¢k (2)
peak. As a result, the upper PL peak energy as a function of

B”_ shows anV-type kink, namely a maximum fol!owed by a = Eje( ky)d’jek (2). (1)
minimum, and merges with the lower peak at higBg’s as vy

observed recently? The maximum arises from the initial

rise due to the diamagnetic energy. At high temperaturedn Edg. (1), mg(z) is the position-dependent confinement
however, the holes still populate the area near the anticrosgiass of the electrons in the direction, which equals
ing gap atk,=0 even at higtBy’s, yielding three(two) PL ~ 0.0665mq inside the GaAs wells an@.0665+0.0837) m,
peaks when the chemical potential is abdweside the gap  inthe Al,Ga ,As barriers, anan, is the free-electron mass,
at high(low) doping densities. This behavior is illustrated in j is the sublevel index, an\zICDQW(z)zo.57>< 1.427y (eV) is
Fig. 1(c). the conduction-band offset. The total electron energy is
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h2k2 + o 2
ES(k)) =E&(k,)+ ——— (2) NE+N§=J ne(z)dz= ¢ > fES(k)]. (12
J [ JAY e ’ —» A ik
m;(ky) |
wherek, is the electron wave vector in thedirection. The
in-plane effective mass of electronf(ky) in the jth sub-
level is given by

Here, the small photo-excited electron-hole density is as-
sumed to be negligibly small and the semiconductor surfaces
are assumed to be far away.

In 11I-V semiconductors, such as GaAs and, @bk, ,As,

1 ( ) 1-P8(k,) mixing between the electrons and holes is extremely small
Y by (3) due to the large energy band gap. However, there still exists
m; (ky) My Mg mixing between the heavy and light hole states, which cre-

ates nonparabolic energy dispersions of heavy and light
holes!®=2L It is well known that these nonparabolic energy
dispersions are only important for the hole states with large
in-plane momentum. Here, the density of photo-excited holes
Pf(ky)Zf [ #5x (2]1%dz, (4 is so low that only the hole states with very small in-plane
DQW Region ¥ momentum at low temperatures are occupied. As a result,
and m{,= 0.0665n,, mg=(0.0665+0.0837)m, are the in- mixing of the heavy- and light-hole states can be neglected
plane effective masses of the electrons in the QW and barrin our calculation. The eigen funct|o¢J Ky (2) and energy

ers, respectively. The Hartree potentiff(z) for the elec- gn /(ky) for the holes can be determined from the following

Here, the dwelling probability for the electrons in the DQW
region is

trons is determined from Poisson’s equation sChmjmger equation in the Landau gauge
d e? 2 2 2
_ a he d 1 d f z
- &(2) - Vi(2) ——[ > N3o(z=2,)—Ne(2) |, Y R PRY: G S
dz dz €0l «=T.R ° - 2 dz\ m¢(z) dz JrVDQW(Z)jLZm*(Z) “ /f
and the exchange-correlation potenti.[n.(z)] for the X ) ky (20 H{Vi(2) +Ven(2) ]} ¢} (2
electrons in the local-density approximattiis given by
, =Ej(k) 4] (2), (12
xcne(2)]=— BreciDak (2] 1+0.05454(2) wherem? (z) is the confinement mass of the holes in the
TE0€(2)35 (2) direction and equals 0.4535 in the QW'’s ari@.4535
11.4 2 +0.147) in the barriers. In Eq.(12), Vpow(z)=0.43
XIn| 1+ } A 1 (6) X 1.427y (eV) is the valence band offset. The Hartree poten-
rs(2)1) | m(4/9m) rs(2) tial for the holes isV! 1(2)=—V§(2), and the correlation
In Eq. (5), z,, (with a=L,R) is the &-doping layer position. €NErgy is®
In Eq. (6), o 3
Ving(z)]=— ———— 77062131z
.. Amegen(2)h? clne(2)] 87reoeb(z)a0(z) 2
a(2)=—Ff (7
me (2)e 1
3
is the effective Bohr radius and ><{(1+ Ug(2)°)In{ 1+ uS(z))
4 - s ug(2) 1
rs<z>=[§w[aé<z>]3ne(z>] ® U2 g
is the dimensionless electron density parameter. Hg(e) 2
is the dielectric constant that equals 12.04 in the QW's and X 7 , (13
(12.04-2.935) in the barriers, respectively. The electron 11.4em(4/9m) " u(2)
density function is calculated from whereug(z) =r4(z)/11.4. The total hole energy is
(2= =3 [, (D) PPFRLEf (k)] ) h h h2
AR Y ) Ej (k) =Ej(ky)+ mh(k )’ (14
y

whereA is the sample cross-section area. The Fermi-Dirac
distribution funct|onf0[E (kj)] for electrons in the equilib-

rium state is
Ef(kp—p
i\ e
exp( kT ) +1

and the electron chemical potentja) is determined by the Here, the dwelling probability for the holes in the DQW
charge neutral condition region is

where the effective mass of holmf(ky) in the jth sublevel
is given by

-1 1 Pi(k,) 1- P(ky)

, (10 mjh(ky): m\hN + mB (15

foLES (k1=




PRB 59 PHOTOLUMINESCENCE SPECTRA OR-DOPED DOUBIE . .. 7603

N h TABLE |. Band offsets and effective masses in units of the
PJ- (ky)=f A [¢j,ky(z)]2dz, (16 free-electron mass and band offsets for the electrons and holes in
GaAs/A Ga, As DQW's, wherem{}* andmf}* representn; (z)

DQW Region
and m'},=0.09, m= (0.09+0.107) are the in-plane effec- " the QW's and barriers, respectively.
tive masses of holes in the QW’s and barriers, respectively o o h h hL hL
The effective masses and the band offsets are summarized %nEC (eV) AE, (V) mi, Mg Mw Mg Mw Ms

Table I. 0.244 0.184 0.0665 0.0914 0.09 0.12 0.4535 0.4955

IIl. PHOTOLUMINESCENCE SPECTRA

The PL spectrum is determined by the following sponta-
neous emission raté:>

2 .
\VeEpw € fhw—Eg—Ei(km'”

) h
Rep( @)= _ Y 'dE’ f&(hw—E4—E’)f}(E’
sp( ) 7T3ﬁm060C3LZ E?(k;ﬂm) 0( g ) 0( )
2 i h i M ?.‘J'h’ (ky) | ?
X5 > S[ﬁw—Eg—Ef(k;“'”)—Ej,(k;“”)]{m—o

IR
% 1—‘el—‘h
{TR+[E'—E(kpIPHI 3+ o —Eqg—E'—ES(kp13

17

where #iw is the photon energy,Ey=1.524-5.405 oh +oo . h 2

X 10 4T/(T+204) eV is theT-dependent energy gap of Q7 i(ky)= f_w dzdjy (204 (2)] - (20)
GaAs materialT is in kelvin, Ei'h(k;,“'”) are the minimum

ground-state energies of the electrdgsand the holegh), We include the zdependent effective mass in the
andL,=Lg+2L,y is the total length of the active region in Schrodinger equations, Eq&l) and (12), for electrons and
the DQW'’s. The quantitie¥', andT'}, are the homogeneous holes. There is another effect pidependent effective mass
broadening of the electron and hole states. The line shapen the overlap of electron and hole wave functiéhisiow-

of the photoluminescence spectrum is a very complicate@ver, this effect is expected to be very small when the elec-
issue’*?® In general, it depends on electron-impurity, tron and hole states are well confined due to the exponen-
electron-phonon, electron-interface roughness, and electrotially small penetration of wave function into the barrier
electron scattering. Scattering mainly causes a finite lifetimgegions. In our calculation, we study the PL spectra between
for electrons and holes and the shift of band edges that atée tunneling split electron and hole ground states, which are
insensitive to the magnetic field. Here, we study theboth well confined inside the well region. When the center
magnetic-field dependence of the PL peak energy positiorharrier is very thin, the penetration is moderate. Even in this
Therefore, constant level broadening for electrons and holegase, however, the effect of tlzedependent effective mass

is adequate for studying the magnetic-field dependence ain the overlap integral of the electron and hole wave func-
the PL spectra. The quantity, is the average dielectric con- tions in Eq.(20) is small because the domain of the integra-
stant of the system. The Boltzmann distributit{}ﬁE?(kH)] tion from this narrow region is small. The broadened step
for nondegenerate holes is function S(x) in Eq. (17) is given by

Eh kmin _Eh k 1 1
f'g,[E}“(k)]:ex;{ 1k k)BT i )}, (18) S(x)=§+;tan‘1( J%) (21)

where the prefactor in Eq18), which can be determined by In Eq.(19), A;=0.343 eV is the spin-orbit splitting of GaAs
the hole density, is omitted. Therefore, we only get the relamaterial.
tive strength of the peaks in the PL spectra. The dipole

transition-matrix element is IV. NUMERICAL RESULTS AND THEIR DISCUSSIONS
||V|;-3'jh/(ky)|2 Mo E, o oh A. Symmetric Double Quantum Wells
mo - Ev_ 2(Eq+2A4/3) Eq Qi (ky), We first discuss the result for symmetric DQW4sample

A) with the following parametersy=0.30,L,y,=100 A, Lg
(19) L R 1 —2

=35A,Ls=50 A, andNy=N3=1.2x10" cm 2. We ap-
where the oscillator strengt@i’jh,(ky) is given by proximatel',=T",=T" and assume thdf is a constant for



7604 DANHONG HUANG AND S. K. LYO PRB 59

1.549 " y T r y i
1. L 4 —
548 ] < 105
— <L
S 15471 ]
2 o 10
1546 ; E
= ®© 95
= 1545[ . x
B =
bt ; 9
W 1.544 ] *=
] =
1543 | ] = 85
(a)
1. L 1 1 1 8
MUFTTTTTT 05 0 o5 15 -
k, (1.231x 102 A7)
1.56 3 . . .
1558 [ ]
. 1556 [ ]
S
L 1554L k
~ 15521 ]
5
< 155F ]
® o
w1548 L 3
1546 L ]
1544 F ]
45 4 05 0 05 1 15 U 0.5 0 05 1
k, (1.231x10% A7) k, (1.231x10° A
FIG. 3. Energy separationEf(ky)+E}‘(ky) between(a) the FIG. 4. Oscillator strengths ny’jh,(ky) for the transitions be-

lower (j=1) and(b) the upper {=2) branches of the ground dou- tween the lower branchj &1) of the electrons an(s) the lower
blets of the electrons and holes of samplas a function ok, with (j’=1) and(b) the upper [’ =2) branches of the holes as a func-
variousBj from 0 to 9 T. The curves with specific symbols from the tion of ky for variousB; from 0 to 9 T at 4 K. Thesymbol on each
bottom (O) to the top (¥) atk,=0 correspond t&=0t0 9 T,in  curve is the same as that used in Fig. 3.

1 T increasements.

4(b), we display|Mi'jh,(ky)|2/mooc Qi'jh,(ky) for the transi-
tions between the lower branch in the conduction bad,
j=1) and the lower [’ =1) and the upperj( =2) branches
in the valence band for variol8;’s. In the absence of the

simplicity. Figures 8) and 3b) present two groups of reso-
nant photon energiesEi'jh,(ky) for the momentum-
conserving interband transitions, naméis(ky)Jr E;‘,(ky) as

a function ofk, . The successive curves from the bottom to - . eh N
the top shovaﬁ/—dependent behavior & is varied from O to magnetic field (i.e., B\!_O)’ we have QJ,J’(ky)__ S

9 T. The curves in Fig. @) represent the transitions between namely, only the transitions between the states with the same
the lower branchesj&j’=1) of the tunnel-split ground pant_y are allqwed for aIkY’s as shown by the empty circles
doublets of the electrons and holes, while those in Fig) 3 N Fig. 4. With the application 0By, however, only the
arise from the transitions between the upper branchestates ak,=0 preserve parity, yieldingzi’jh,(O): o - For
(J=]'=2). The interesting gradual development of the cen-asymptotically large values &, , the separation between the
ter peak ak,=0 aboveB =3 T in Fig. 3a) is due to the unperturbed energy parabolas of the two QW’s are very
formation of the saddle point as the two minima move awaylarge, yielding negligible mixingi.e., tunneling between the
from k,=0 as discussed in the Introduction. In addition, two wells. Fork,>0 (k,<0), the confinement wave func-
there is an increase in energy for &j] due to the diamag- tjgng ¢§ky(z) and ¢rl1ky(z) approach the wave function of the

WhenB# 0, the symmetry of the system is broken. As anoninteracting g tleft) well, while ¢2ky(z) approaches

result, the forbidden transitiorSﬁjg(ky) and E;Q(ky) atBy  that of the left(right) well. As a result,Q‘jj*l‘(ky) approaches
=0 become possible wheB+#0, although they are rela- unity and ing(ky) becomes small at largé,| as shown in
tively weak in strength compared to the transitiﬁﬁsﬂf(ky) Fig. 4. For intermediate values &j, the quantityQi’jh,(ky)

and Egzg(ky). The oscillator strength is proportional to has two minima forj’=1 and two maxima fo“"=2’_ The
Qi'jh,(ky), which is defined in Eq(20). In Figs. 4a) and  extremum points move towark,=0 for increasingB as



PRB 59 PHOTOLUMINESCENCE SPECTRA OR-DOPED DOUBIE . .. 7605

T T T T T T T 50 — . . . :
—~ 40 L -[1.8 eV
>
£ 30
: 2: 20 L
: E 10}
: bl
: w
: =
] (@]
. a
2 15 1 05 0 05 1 15 2 =
k (1.231x10 2A") S
y
. )
(b) 5]
—>
— 0.2 eV

0 Y00 200 300 400 500
z (A)

FIG. 6. Conduction- and valence-band ed@gaght axi9 as well
as the Coulomb potentials for the electrons and hdkfs axis) in
R 05 0 05 1 symmetric double quantum wells as a function of the distance
k (1.231x10 2A") along the growth direction #;=3 T. The dash-dotted and solid
Y lines represent the results calculated from the self-consistent Har-
FIG. 5. Products of the electron and hole occupation functiongree theory and the density-functional theory at 4 K, respectively.
for (a) the lower andb) the upper branches of the ground doublets
at4 K, as a function ok, for variousB) from 0 to 9 T. The number
on each curve represerts value in tesla.

relation effect for the holes. Note that the left and right axes
have very different scales. The SCH shift is identical in the
conduction and valence bands, resulting in no visible shift
shown in Fig. 4, because the above discussed asymptotigr the PL energy. However, the exchange-correlation energy
behavior develops at smalley values at higheB's due to  |owers the conduction-band edge and raises the valence-band
a larger displacementk, . edge relative to the SCH energies as shown by the solid lines
Figures %a) and Sb) display theB; dependence of the in Fig. 6, yielding a band-gap narrowing and a considerable
product of the populations of electrons and holes in theeduction of the PL energy. The energy lowering in the con-
ground doublets as a function ky for the transitions studied duction band due to the exchange-correlation effect is more
in Fig. 3. The minima ak,=0 in Fig. §a) aboveB=2 T  pronounced inside the QW’s due to their higher electron den-
are caused by the depopulation of the holes which was akities, resulting in a peak for the DF energy inside the center
ready illustrated in Fig. (b). At Bj=9 T, the electrons are barrier. The same effect, together with the fact that holes are
also completely depopulated from the saddle point, becauseore localized inside the QW'’s due to their heavy effective
the saddle point has passed through the chemical potentiahass, yields a more pronounced dip for the DF energy in the
At this field, the hole population &,=0 is still a few per- valence band inside the center barrier as shown in Fig. 6.
cent of theB =0 population due to thermal effects. The This peak-dip effect is more pronounced for a laByavhere
change in the product of the populations of electrons andhe electrons are more localized inside the QW's.
holes in the lower branch is dominated by the holes at low Calculated PL spectra are displayed in Fig. 7 for various
fields and by the electrons at high fields. In Figo)awe find ~ By’s from 0 to 9 T. TheB development of the two PL peaks
that the product of the populations of electrons and holes i indicated by dotted and dashed lindsandL. It is clear
zero atBj=8 T because the chemical potential lies within that the upper pealdotted ling disappears abevé T due to
the gap region. The gradual narrowing of the curves in Figthe gradual depopulation of the holes from the upper branch
5(b) for increasingB is due to the gradual depopulation of aroundk,=0 as seen from Fig. 5. ThB-dependent behav-
the upper branches, which starts in the laligg-regions and ior of the peak energy is plotted in Fig. 8. The upper peak
ends atk,=0. This depopulation is dominated by the holesshows anV-type kink and merges with the lower peak. Early
at low fields and by the electrons at high fields. observed specttawith large linewidths did not resolve the
Figure 6 shows the profiles of the single-parti¢eP upper and lower peaks clearly but showed a Batdepen-
conduction- and valence-band edges on the right axis, andence of the peak below 5 T, consistent with the result in
their shifts due to the self-consistent Hart(&CH) potential ~ Fig. 8. More recent data with narrower linewidths show a
(dash-dotted lingsand the density-functionalDF) result  two-peak behavidf similar to that shown in Figs. 7-9. The
(solid lineg on the left axes aB =3 T. The latter includes calculated peak energy rises rapidl.g., nearly quadrati-
the exchange-correlation effect for the electrons and the coeally) as a function oBj abow 6 T ingood agreement with
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FIG. 7. Photoluminescence spectraTat4 K for various By FIG. 9. Evolution of the PL spectrd 4 K for I'=0.5 meV and

from 0 to 9 T andl'=1.0 meV. The dashed and dotted lines arefor variousBj from 0 to 9 T.
guides to the eye for the lower and upper PL peaks.

alter this switching feature in Fig. 14). It slightly reduces
the observed dat®. The B|-dependent evolution of the PL the strength of the high-energy PL peakBasapproaches to
spectra is more clearly seen in Fig. 9 obtained for smallezero and that of the low-energy peak Bgbecomes large.
dampingl’=0.5 meV. In this case, splitting of the two peaks However, the exchange-correlation potential greatly reduces
is more clear, showing the abrupt switching of the strengtithe PL peak energies by about 17 meV as shown in Fig.
from the high-energy peak to the low-energy peak at aboul0(b) by the solid curves. The reduction in the peak energies
B|~3 T. At low Bj’'s near O T, the high-energy peak of the from the SP to the SCH approximations in Fig(l)0arises
non-Lorentzian line shape appears much stronger than tHeom the fact that the holes can maximize their energy low-
low-energy peak because of the superposition of tail of theering by situating themselves near the SCH potential mini-
low-energy peak. The strength of the high-energy peak, howmum (see Fig. § without paying high confinement energy
ever, diminishes rapidly at high&j due to the depopulation
of the carriers from the upper branch. The depopulation oc-
curs first for the electrons in the upper branch for a system
with a low-doping density. In a high-doping density system,
the depopulation occurs first for the holeskgt=0 at low
temperatures.

Figures 10a) and 1@b) display the comparison of the
relative PL peak strengths of the upper and lower péaks
(a)] and PL peak energidi (b)] extracted from Fig. 9 as a
function of B| from SP (dashed-dotted ling SCH (dotted
line), and DF(solid line) calculations. In Fig. 1@&), we find
that the switching of the strength between the two PL peaks
occurs around3;=3 T. The Coulomb interaction does not
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MAGNETIC FIELD (T) FIG. 10. Comparison of the relative PL peak streng#sand

peak energiegb) in Fig. 9 as a function oB calculated from the
FIG. 8. Extracted PL peak energies from the calculated PL specsingle-particle theory(dash-dotted ling self-consistent Hartree
tra in Fig. 7 as a function oB. The solid square on the line theory (dotted ling, and the density-function theorisolid line).
represents the data from our calculation. The dashed line is th€he peak due to PL from the saddle point is indicated with an
guide to the eye for the diamagnetic energy of the lower PL peakarrow.
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& 545 branch even at high fields as illustrated in Figc)1As a
g o consequence, the ratio of the strengths of the upper peak to
< 1saab T that of the lower peak rises with the temperature. This effect
&5 ‘ is shown in Fig. 12, where the calculated PL spectralfor
o 1 543 T o0mev =0.25 meV are plotted at 4 and 20 KBt=4 T. The effect
T U _ngg¥ ] of the thermal broadening and tfie-dependent band nar-
rowing is also seen clearly. The upper peak becomes stronger
18425 s 7} 5 8 than the lower peak &=0 T as in Fig. 9. At 20 K, there is
MAGNETIC FIELD (T) an additional contribution to the PL from the electrons near

the saddle point indicated by an arrow in Fig. 12 and illus-
FIG. 11. (a) Evolution of the 4 K PLspectra withU =2.0 meV  trated in Fig. 1c). The PL energy from the saddle point is
for variousB; from 0 to 9 T.(b) The peak energies as a function of close to the lower peak in Fig. 12 because the saddle point is
By for I'=0.5 meV (dotted ling, I'=1.0 meV (solid lineg, andT barely formed aB;=4 T. However, at a high field, the PL
=2.0 meV (dash-dotted line ForI'=0.5 meV, the uppeflower) energy from the saddle point cannot be resolved from the
curve is from the high{low) energy PL peak. upper peak, since the anticrossing gap is sifrall me\).

because of their heavy confinement mass. As a result, the
sublevels in the valence band move up in energy more than
those in the conduction band, yielding the net reduction of When a dc electric fieldE,. is applied to the symmetric
the PL energy. Note that this SCH reduction is more proDQW's, it changes into an asymmetric DQW becatsg
nounced for the upper peak than for the lower peak in Figlifts both the conduction- and valence-band edges of the right
10(b). This is due to the SCH narrowing of the anticrossingQW compared to that of the left QW. Figure 13 presents the
gap in the conduction band. This narrowing arises from thé’L spectra of an asymmetric DQW for various magnetic
fact that the electrons in the lower symmetric branch withfields in three different situations. The parameters chosen in
relatively a large amplitude in the center barrier region feel our calculations are the same as those in sap@e fur-
larger repulsive Hartree potential than the electrons in théher chooseT=4 K andI'=1.0 meV and vary the doping
upper asymmetric branch. The dips in Fig(f)0aroundB;  densities. _
=3 T are the result of the competition between the enhance- In Fig. 13a) we show the evolution of the PL spectra as a
ment of the band-gap narrowing due to Bieinduced local- ~ function of By for medium doping densitiedly =Ng=1.2
ization of the carriers into the QW’s and the diamagneticx 10'* cm™2 andhighdc fieldEy.=10 kV/cm. In this case,
energy. The latter dominates aboBg=3 T. only the lower branches are populated for both the electrons
Figure 11a) exhibits the PL spectra as a function of the and holes. The electrons are distributed in both QWs, while
energy with various8 from 0 to 9 T for a large homoge- the holes occupy only the right QW for<0B <9 T. The PL
neous broadeninf=2.0 meV. Figure 1(b) displays the PL  spectra show a wide-band emission with the low-energy and
peak energies extracted from Figs. 9, 7, anthllas a func-  high-energy peaks prevailing, respectively, at low and high
tion of By forI'=0.5, 1.0, and, 2.0 meV. From Fig. (Bl we By's. This behavior can be understood from Fig. 2. At low
find that the doublet structure in the PL peak energies showB’s, the dominant transitions are the low-energy transitions
in Fig. 7, as well as the\~type feature observed in Figs. 8, indicated by a dashed arrow in Fig(ap, since the upper
are completely smeared out by the large homogeneousranch is empty. These transitions are inter-QW transitions
broadening. From Fig. 1), we further see that the homo- and are weak. At higiB;’s, on the other hand, the dominant
geneous broadening not only affects the line shape of the Plransitions are the high-energy transitions indicated by a
spectra, but also modifies the PL peak energies. solid arrow in Fig. 2b). These transitions occur inside the
So far, we have discussed the PL at low temperatures. Théght QW and yield a strong high-energy peak.
main effect of high temperature is to thermally populate the Figure 13b) presents the evolution of the PL spectra with
holes neak,=0 and the electrons at the bottom of the uppervarious B)’'s for lower doping densitiesN5=NR=0.3

B. Asymmetric Double Quantum Wells
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the anticrossing gap as indicated by a shaded arrow in Fig.
2(b). The intensity of this high-energy peak decreases at
higher B|'s because the holes become less available. Note
that these transitions between the upper electron branch and
the lower hole branch are allowed by the asymmetry of the
DQW's. At the same time, stronger intra-QW transitions in-
dicated by a solid arrow in Fig.(B) split off, yielding a
stronger PL peak at a somewhat lower energies as shown in
Fig. 13c). This behavior is similar to that shown by sym-
metric DQW'’s except that the lower PL peak is absent. Note
that the scale for the intensity is about an order of magnitude
larger in Fig. 18c) than that in Fig. 1&).

A single-to-double PL peak transition induced Bywas
observed in a previous experim&hrom undoped asymmet-
. ric DQW’s with a wide QW and a narrow QW separated by
a thin barrier. The electrons and holes, generated in the nar-
row QW, tunnel and relax quickly into the wide QW with
lower ground sublevel energies at low temperatures. As a
result, only the low-energy PL peak was observed from the
wide QW atBj=0. At high B's, however, the interwell
tunneling is quenched, yielding an additional higher-energy
PL peak from the narrow well. The transition here is of a
dynamical origin and is very different from that of the

- RELATIVE PL INTENSITY

RELATIVE PL INTENSITY
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o INg"=N "-3/0x 10" om™ ' " © | presentn-doped system, where the electrons reside in both

c'-;;) HE 4o =6 kv/em E QW's at aBy’s.
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=4 t 50

5 F (75.3 3 ‘ V. CONCLUSIONS AND REMARKS

=5 0 In this paper, we have demonstrated that the PL spectra

E - 7 52 from tunnel-split ground sublevels of DQW'’s are sensitively

el 1-0 controlled byB at low temperatures due to tii-induced

1.565 1.864 1556 1.658 1.56 1.562 1.064 1.566 distortion of the electronic structure. With the density-
LUMINESCENCE ENERGY (eV) functional theory, PL spectra with large band-gap narrow-

ings have been found as a function®f T, andTI’. In sym-

FIG. 13. Evolution of tie 4 K PLspectra with'=1.0 meV for ~ metric DQW'’s, two PL peaks have been obtainedgat 0,
variousB from 0 to 9 T for asymmetric DQW's. Faie) we have  as a result of the interband transitions of the upper and lower
Np=Np=1.2<10" cm 2 andE4.=10 kV/cm; For(b) we have  branches of the ground doublets of the electrons and holes.
N5=Np=0.3x 10" cm 2 and E4.=10 kV/cm; and for(c) we WhenB is increased, the upper PL peak develops\atype
have N5=Np=3.0x 10" cm™? and E4.=6 kv/cm. In (b) the  kink and merges with the lower peak at larBe. At low-
scale for the intensity is about an order of magnitude smaller than i'&ioping densities, however, the upper electron branch is
_(a), while in (c) the scale is about an order of magnitude larger tha”empty, yielding only one PL peak. Asymmetric DQW'’s, cre-
in (@ ated by applying a dc bias field, are also considered. In this

_ case, the following three different types Bf-evolution of
X 10" cm™? and at the same dc fieBy,=10 kV/cm. The the PL spectra are obtained) At a low-doping density
basic difference between this low-density example and th@vhere the electrons and holes are separated in the left and
above considered intermediate-density case is that the elefight QW'’s, respectively, the PL spectra show a single weak
trons are restricted within the left QW. The PL spectra showow-energy peak[see Fig. 18)] which arises from
a narrow-peak emission, arising from weak low-energy in-inter-QW transitions(2) At an intermediate-doping density
terwell transitions only. Compared with Fig. (B8 high-  where the electrons are still only in the lower branch but are
energy intrawell transitions have been completely suppressag both QW's, the PL peak shifts from the above low-energy
in the whole range oB| considered here. The scale for the peak at lowB,’s to a much stronger high-energy peak at high
intensity is about an order of magnitude smaller in Fighl3 By's [see Fig. 18] arising from the intra-QW transitions in
than that in Fig. 1&). the right QW, indicated by a solid arrow in Fig(H. (3) At

We display in Fig. 1&) the evolution of the PL spectraas a high doping density where the electrons populate both
a function of B) for high-doping densitieNy=N§=3.0  branches, a single peak with avitype kink behaviofsee
x 10" cm™2 and low dc fieldE4,=6 kV/cm. In this case, Fig. 13c)], similar to that of symmetric DQW's, is obtained.
the holes populate only the lower branch, while the electrons In our calculation, mixing of the heavy- and light-hole
populate both the lower and upper branches. AtBy\g, the  states is neglected due to small in-plane momentum of
strong peak in Fig. 18) arises from the intra-QW transitions photo-excited hole states. The exchange-correlation is in-
from the upper branch shown by a solid arrow in Figg)2  cluded in the density-functional theory, which is expected to
At high By’s, these transitions come from the upper edge oflead to a relatively accurate result for the tunneling split elec-
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tron and hole ground states at low temperatures. The effestcattering in the self-consistent Born approximation is nec-
of z-dependent effective masses of electrons and holes on tlessary for a more detailed comparison between the theory
overlap of electron and hole wave functions is also neglectednd experiment.
due to the strong confinement on the electron and hole

ground-state wave functions. The effect of the scattering of

electrons and holes by the impurities in the doping layers are

included phenomenologically iR. We emphasize that the One of the authors was supported by the United States
conclusions drawn in this paper will not be changed by theDepartment of Energy under Contract No. DE-ACO04-
approximations used in our calculation. The impurity scatter94AL85000(S.K.L.). The authors thank Dr. Y. Kim of Los
ing is responsible for the complicated magnetic-field depenAlamos Laboratory and Dr. C. H. Perry of Northeastern Uni-
dence of the spectral broadenifigThis can alter the line versity for sharing their data with them and for valuable dis-
shape of the PL peaks and can slightly shift the peak enekussions. The authors thank Dr. J. A. Simmons for a critical
gies. A more complete theory, which includes the impurityreading of the manuscript.
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