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We study the energy structure of two-dimensional holgs-iype single A| _,GaAs/GaAs heterojunctions
under a perpendicular magnetic field. Photoluminescence measurments with low densities of excitation power
reveal rich spectra containing both free and bound-carrier transitions. The experimental results are compared
with energies of valence-subband Landau levels calculated using a numerical procedure and good agreement is
achieved. Additional lines observed in the energy range of free-carrier recombinations are attributed to exci-
tonic transitions. We also consider the role of many-body effects in photoluminescence spectra.
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[. INTRODUCTION shake-up processes were reporteg-type quantum wells.
To reduce the broadening of PL features in these experiments
Valence-band subbands in doped quantum wells and hetree holes were created not by means of a modulation doping
erojunctions have a complicated structure. Due to strondput using optical excitation.
electric fields resulting from both band-edge discontinuities Calculations of hole Landau levels ip-doped hetero-
and an irregular charge distribution, the heavy- and light-structures are quite complex. Similarly as in the case of
hole states are mixed. This results in a strong nonparabolicitponduction-band subbands one has to solve self-consistently
and anisotropy of energy levels and their nonlinear behavioSchralinger and Poisson’s equations. But valence-band
under an external magnetic field. Hole subbands in dopesdtates are described by thex4 Luttinger Hamiltonia?’
heterostructures were studied experimentally—howevenvhich considerably complicates the computations. In early
much less intensively than conduction-band states. In magttempté'~?*the hole eigenstates were expanded in a limited
netotransport measurements effective masses of holes set of basis functions and calculated by matrix diagonaliza-
were determined from Shubnikov—de Haas oscillations. Ition. The precision of such methods strongly depends on the
was showh? that in single heterojunctions the spin degen-choice of the basic set and is known to fail for larger mag-
eracy of valence-band subbands is lifted as a result of thaetic fields unless the number of basis functions is
asymmetry of the confining potential and the large spin-orbiincreased! Bangert and Landwefit examined the impor-
coupling. The complex arrangement of hole Landau level¢ance of cubic anisotropy terms commonly ignored in calcu-
was investigated in cyclotron resonance experimefits. lations. The theory of exchange-correlation effects in the va-
However, the photoluminescend®L) spectroscopy in a lence band was developed by Bobbetral?® who proposed
magnetic field normal to the layers, very effective in provid-a simple method of including many-body interactions in sub-
ing information on the conduction-band electrons, was relaband calculations. In Refs. 15, 27, and 28 improved numeri-
tively seldom used fop-doped structure®'®Due to higher cal algorithms for solving the Luttinger Hamiltonian were
effective masses, both the cyclotron energy and mobility arelaborated. The structure of hole Landau levels calculated by
smaller in the valence band by nearly an order of magnitudedifferent authors was compared with experimental results;
As a result the ratio of Landau-level broadeniimgcreasing  however, the agreement was rather poor.
with diminishing mobility to their distance becomes sub- In this paper we investigate low-temperature photolumi-
stantially larger, reducing the resolution of measurementsnescence fronp-type single Al _,GaAs/GaAs heterostruc-
Usually the studied luminescence resulted from band-totures in a magnetic field perpendicular to the layers. As was
band transitions. Volkowt al!® investigated radiative re- first demonstrated by Yuaet al?>3° the PL spectrum of a
combination of two-dimensiona(2D) holes with donor- modulation-doped heterostructure is dominated by a broad
bound electrons in specially designed heterojunctions wherkne, named theH band, located in the energy range of bulk
a monolayer of donors was introduced at some distance froraxcitons and donor-acceptor pair recombination. The charac-
the interface. In recent publicatioris'® observations of teristic feature of this line, observed in both donor- and
subtle many-body effects like positively charged excitons oracceptor-doped structures, is a strong blueshift with increas-
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ing excitation power. A tilted magnetic field experimEnt following sequence: 1 mm undoped GaAs, 7 nm undoped

proved that 2D carriers are involved in thieband emission. Ga, sAl gAs spacer, 50 nm GaAl sAs layer doped with Be

Time-resolved PL measuremetitslisplayed extremely long (5% 10 cm™2 for sample 1 and ¥ 10'® cm™2 for sample

lifetimes which strongly depended on the line position. This2), and 5 nm GaAs cap layer also doped with Be (1

was explained as a result of spatial separatipnthe inter-  x 10*® cm™2 for sample 1 and £ 10*® cm™2 for sample 2.

face electric fielgl of carriers participating in the recombina- Transport properties of both structures in helium tempera-

tion process. Along with these observationsihband emis-  tures were reported previousty:®

sion was interpreted as a recombination of 2D particles Photoluminescence measurements were performed using

confined near the junctiofelectrons or holes according to two setups. For preliminary studies we used an optical split-

the doping with photocreated carriers of the opposite chargecoil cryomagnet providing magnetic fields up to 8 T. The

removed by the electric field far from the interface. In samples were excited in the Faraday configuration with Ar

strongly doped heterostructures with high densities of 2D0aser(wavelength 488 nim Luminescence spectra were ana-

carriers the large interface electric field results in appreciabl¢yzed in a 1-m single-grating monochromator with a

spatial separation of recombining electrons and holes. As gaitrogen-cooled charge-coupled-devi@CD) camera used

consequence thid-band emission has a free-carrier characteras a detector. The second setup allowed extending PL mea-

which is revealed in linear changes of the line position withsurements up to a magnetic field of 14 T. An optical fiber

a perpendicular magnetic fiel4'®3*%In less doped struc- system was used with the quarter-wave plate and a linear

tures an excitonic nature of thé-band line was observed as polarizer placed together with the sample in liquid helium. In

a diamagnetic shift of the transition enef§y” This clearly  order to examine the circulaio(" and o~) polarization of

results from a reduced separation of recombining particlephotoluminescence the direction of the magnetic field was

which enhances their Coulomb binding. changed. The spectra were analyzed in the same way as in
Free-carrier recombination observed in our samples withhe first setup.

high densities of 2D holes enabled us to derive the structure

of valence-subband Landau levels. In PL measurements we

applied very low densities of excitation power

(<0.16 mW/cnd), which increased the resolution and al-  To calculate the energy spectrum of 2D holes we devel-

lowed us to discern the fine structuretldfband emission. In  oped a technique that can easily be explained for a particle

addition to free-carrier lines we observed a recombination ofvith parabolic dispersion. Suppose that we want to deter-

donor-bound electrons with 2D holes. The sample parammine bound-state energies and wave functions of the Hamil-

eters as well as details of the experimental methods are présnian

sented in Sec. Il. To analyze the results we calculated the

energies and wave functions of 2D hole Landau levels using #2

an exact numerical procedure that will be described in Sec. H=— mA+V(Z), (1)

[ll. We assumed that the nondoped GaAs layer ip ¢ype

and the 2D holes form an accumulation layer at the interfacgp, \which both the potentia¥ and effective masm are posi-
Usually (see, for example, Ref. 38he background doping {jo dependent only inside some intengal<z<Z,. By in-
of pure molecular-beam-epitaxyMBE-) grown GaAs is of roqycing pointszg=2,<z;,<- - - <zy=2, we divide this
p type in the low-16%cm* range. This results in a weaker iyteryal intoN parts and then approximate the actual func-
electric field near the interface and consequently in somegyng V(z) andm(2) in each subinterval by the appropriate
what lower 2D hole subband energies as compared with th@onstantisuch asV;=V(z)) andm;=m(z)), respectively,

previous calculations, where thretype residual GaAs dop- o z_,<z<z]. After that local solutions of the Schro
ing was assumed. We also evaluated the matrix elements f ingér equatiojn can easily be found:

optical transitions between valence- and conduction-ban
Landau levels. The theoretical results are compared with - RGN
measured energies of PL transitions in Sec. IV and very good Fi(r)=explik, r)f(z) (z-1<2<%),
agreement is established. Besides the free and donor-related 2
transitions new lines are discerned in the spectra at higher fi(z) = A exp(ik;z) + Bjexp( —ik;2),
magnetic fields, possibly of excitonic nature. We discuss the
influence of exchange-correlation effects on hole Landawvhere
levels and observed recombination processes. Section V will o

kj= \/h—z’(E—vj)—kz,

Ill. THEORY

summarize our conclusions.

()

Il. EXPERIMENTAL SYSTEMS

AND SAMPLE PARAMETERS E andk, = (ky,k,) are the particle energy and wave vector,

respectively, andA;, B; are some unknown coefficients.
We investigated two singlp-type GaAs/GgsAlysAs het-  Equationg2) and(3) are also relevant in the exterior regions
erostructures with hole concentratiopg=7.6x10'cm 2  z<z, (j=0) andz>zy (j=N+1).
and p,=9.8x 10" cm 2. They were grown by molecular ~ The matching conditiong.e., the continuity of both the
beam epitaxy ori001) semi-isolating GaAs substrates in the wave function and its derivative divided by the effective
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mass at points _of division can be handily written in a matrix h2y, 0 o h2y,
form. Introducting the column vectotd;=[A;;B;] we ob- M=\3 omg (Kx_Ky)_l\/§ Mo KuKy,
tain
B, 1(z)U; 1=B;(z)U;, j=1,...N+1, (4 K=-iV, (10
where wherem, is the free-electron mass and, y,, andy; are
Luttinger parameters. The eigenenergies of Hamiltori&n
are
expik;z) exp(—ik;z)
Bi(z)=| ik; ik . 5 _ _ — = = — —
@K ik — Mgk | 2 E(R=—PR= QAR +FLELT (K + MM (K),
m]- mj (11)
Equations(4) allow us to relate the vectotdo andUy.1 i whereE, and E_ relate to light and heavy holes, respec-
the exterior regions: tively. The wave functions can be written aB(r)
Ao Ani1 =F(I2)exp@k7), where F(IZ) is one of the following
[ }:T , (6)  vectors®’
BO BN+l
where the transfer matriX is given by the product Ry 0
. L* N M
o LiR)=| o [ LaR=] ]
=11 B(z-08,(7). ) 0 R,
(12)
For a bound state the wave vectdgs and ky ., must be —L -M
imaginary as well as the coefficientgy and By, ; have to R 0
: . S . 5 .
vanish. According to Eq(6) this implies Hy(K)= o . Hy(K)= .
2
Tll(E):O (8) _ M + L+

To determine the energies of bound states we calculate ml'—iere R,=Q—-P—E R,=Q+P+E and vectorsL

. ; . i 1— + 27 - 1
merically transfer matrix6) for dlfferent vallues of the vari L, correspond to light-hole states and vectets, H, to
able E (and a fixed wave vectdr,) searching for zeros of heayy-hole ones.

the diagonal element,; . After that the wave functions can | heterostructures the Luttinger parameters have different
be evaluated by assumirfy ., =1 and calculating the co- yalues in subsequent layers. Thus both components of the
efficients A;, B; in successive subintervals from Edd).  HamiltonianH, +V(z) describing hole subbands vary with
The precision of the results depends on the density of divigistancez. To find the subband energies we proceed similarly
sion(numberN of subintervalsand can easily be controlled. ag for Hamiltonian(1). The local solution of the Schdinger

If the potential V() is not constant foz— %, a good  equation in the subinterva_,<z<z,, where values o¥,
approximation of accurate bound states can be obtained by .. andy, are set fixed, can be written in the form

choosing the outermost points of divisiory(and zy) suit-
ably far from the classical turning points.

This method of calculation can be also applied to matrix Fi(F):eXp(”ZLFL)fi(Z)’
Hamiltonians. Holes in the valence band of IlI-V compounds
are described by the Luttinger mafifix f,(2)=[C1H1(kp)+ CoH(kyy) Jexplikyz) +[ CaLly(ky)
LY PQ@ 0 M + CoHa( — k) Jexp — ikp2) +[CrLa(—k,)
H=-| m* o P-Q -L |+ © .
+Cglo(— k) ]exp(—ik, 2). (13
0 M*  —LT P+Q
Here the complex wave vectoks, ky are roots of the equa-
tions

where
Ei(K k)=E-V;, E_(k k)=E-V;, (14

ﬁ271 2 h272 2 2 2 . .. .
P= >m Ks Q= >m (KX+K{—2K3), respectively. We choodg andky such that their imaginary
0 0 parts are non-negative. Functidqd3) contains eight un-
52 known coefficients, which will be represented by the column
L=—i3 ys(Kx_iKy)KD vectorU;=[C;;Cp; ... ;Cg]. VectorsU; in adjacent sub-
Mo intervals can be related using the matching condifibns
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fi-1(z)="1;(z),
D;_1fj_1(z)=D;f(z), (15
whereD; is the matrix operator,
(v1= 72090z Bys(ke—iky) 0 0
~\Bya(ketiky)  (y1ty2)dloz 0 0
b= 0 0 (v1t 72030z —Bys(ke—iky) | (16)
0 0 VBya(ketiky)  (y1—v2)dldz

with values of the Luttinger parameters appropriate for the subint¢gn@hce more we obtain Eq#4), this time with 8

X8 matricesBj of the form

L,(k )explik 2) L,(ky)explik, z)

H(ky)exp(ikyz)

Ho(ky)exp(ikyz)

i~ DjLi(kp)explik z) DjLa(k )expiik z) DjH;(ky)expikyz) DjH,(ky)expikyz)

Li(—kp)exp(—ik 2z)
DjLi(—ky)exp —ik 2)

Lo(—kp)exp —ik z)
DjLo(—kp)exp —ik 2)

To find an equivalent of conditio(8) for bound-state en-

ergies we examine the structure of vectbkgand Uy, 1 in
the exterior regions. They are related by the equatign

=TUp. 1 with transfer matrix(7) evaluated by means of
matrices(17). The complete wave function is evanescent ag;

z— oo only if imaginary parts of botlk, andky are non-
zero(i.e., positive according to the definitipfor z<z, and

z>1zy . Moreover, the component,, ... ,C, of vectorUg,

must be zero and similarlgs=Cg=C;=Cg=0 in the case
of vectorU,, ; as can be deduced from expressia8). We

thus obtain the equation

Cy

(18)

where

(19
Taa

is a 4x 4 submatrix of transfer matriX. Nontrivial solutions
of Eq. (18) exist only if

defT,(E)]=0, (20)

D;H1(—kp)exp —iky2)

Hi(—ky)exp(—ikyz) Hao(—ky)exp(—ikyz)

D;Ha(—kiexp( —ikyz) |’ 17

To account for a magnetic fied parallel toz-axis opera-
tor K, Eq. (10) is replaced byK=—iV +eA/xic and thex
terms® are included in Hamiltoniaro). HereA is the vector
otential,e is the electronic charge, ardis the velocity of
ight. The resulting Hamiltonian can be written in terms of
the creation and destruction operatas = \#%c/2eB(K,
*iK,). We apply the axial approximatiéhby replacing op-
eratorM, Eq. (10), by M= \3(%2y/2mg)(K,—iK,)?2, with
¥=(y2+ y3)/2. Then the column vector

F1(2)$n_a(r))
Fo(2) bn(r 1)
Fa(2) dnsa(r))
Fa(2) bnia(r))

becomes an eigenvector. The harmonic oscillator functions
¢, satisfya® ¢, = n+1¢,., anda” ¢,=ne,_;. In ex-
pression(21) the indexn runs over the valuesi=-—2,
—1,0,1 ... and theenvelope function(z) are automati-
cally zero for those components which have harmonic oscil-
lator functions¢,, with n negative. By substituting vector
(21) to the Schrdinger equatiorH, F=EF we obtain a set

of ordinary differential equations for thedependent compo-
nents, which can be rewritten as som& 4 matrix acting
uponF(z), . .. ,F4(2) functions only. The solutions of this

P(r)= (22)

which is the requested condition for energies of bound state§et can easily be obtained with a resemblance to Eids.
To calculate the wave functions we first determine the comand(12). The procedure of transfer matrix evaluation follow-

ponentsC,, ...,C, of vector Uy, by solving Eq.(18).
After that relations(4) are used to compute vectots; in

ing from this point is analogous to that for tlBe=0 case.
In a selectively doped single heterostructure each hole

succeeding subintervals. Numerical calculations proceefloves in a potential which can be written as a sum:

similarly as in the case of scalar Hamiltoniél) except that
higher-order matrice€l7) must be evaluated.

V(2)=Vo(2) +V(2) +V«(2). (22
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Here the component z(nm)
] 0 50 100 150 200 250
-V,, z=<0, °
Vo(2)= 0, z>0, 23 %] N
04|t
describes the valence-band offset at the junction@). The 2 20l E
) . . o . 2 20 A
potentialV,(z) created by the immobile chargmnized im- <
purities and the potentia/s(z) due to mobile 2D holes can ? =30
be both calculated in the Hartree approximation by solving d 40-
Poisson’s equation 50
€
604 A
d®v  4me @ 24
—=—p(2), 70 -
a2 €’

FIG. 1. Calculated valence-band profile in the well layer of a

with the suitable charge densify(z). The dielectric con- AlgsGa sAs/GaAs heterostructure with the 2D hole density of 7.6
stantse of GaAs and Ga_,Al,As are slightly different, but X 10" cm™2. HHn and LHh label the edges of heavy- and light-
the resulting image potential was shoo have quite a hole subbands, respectively. The dotted line represents the acceptor
small effect on the subband energies. Therefore we neglect Igvel.
in the calculations. )

Our structures are doped with acceptors of deriSjty in Ve(7)— 2me
the Ga_,Al,As barrier; however, a layer of thickneasthe (2)= €
spacer layeris left undoped to improve 2D carrier mobili-
ties. The holes removed from the acceptor levels form the 2D
carrier gas with areal densityg as well as the accumulation
layer of widthl,. We assume that all barrier acceptors are ) _ _ N
ionized for —I,<z<—w and similarly all GaAs donors for WhereN,..=Npl, is the areal density of charged impurities

0<z<l,. Then the resulting immobile charge density isin the accumulation layer. In formul@8) we used condition
(26) and neglected for< —w the component of the poten-

tial V|(z) square inz (which has a small effect on the sub-
(25) band energies since the hole envelope functions vanish rap-
+eNy (0<z<ly,), idly in the barriej. The potential value at the end of
accumulation layer,

Ng Z—ZZj f2(zy)dz;—2
0

><fz(zl—z)f2(zl)dzl . (29
0

_eNAB (_||<Z<_W),
pi(2)=

whereNp is the concentration of residu@hinority) donors.

Residual acceptors with concentratidp (>Np) are neutral 2mre? Are? o
in the accumulation layer. The condition of charge conserva- ~ V(Ia)~~—_—Nacda~ st z,f%(zy)dzy,
tion can be written as 0
(29
Nagl;=Ng+Npla. (26)  defines the position of the valence-band edge far from the

interface(in the flatband regionand is related to the hole
Calculating the density of mobile charge we assume thaFermi energyEr. If we denote byE, the position of accep-
only the ground valence subband is occupied by holes. As wir levels outside the accumulation layer anddaythe bulk
will see this assumption is fulfilled even in our highly doped acceptor binding energy, we can wrisee Fig. 1 V(l4)
structures. We also neglect a coupling of the hole motion in=Ex+¢€,. Solving the neutrality condition
the z direction and the motion in the plane of the junction,

assuming that all 2D holes have the same envelope function N-=N.l1+2 Ea—Er)| ™
f(z). Then the density of mobile charge is DA ex kgT
ps(2)=eNsf(2). 27) with respect tdE, we obtain
Equation(24) with charge densitief25) and (27) can easily V(1) =Eg+ex+ kBTIn( NA_ND)_ (30)
be solved and after some manipulations the results can be 2Np
written as Equations(29) and(30) allow us to calculate both the length
I, and densityN,.. of the accumulation layer. The Fermi
—NsZ=2(NgcctNgw  (z<—w), energyEr is determined from the known concentration of
27e? | (2Ngeot+Ng)z (—w<z<0), 2D holes.
Vi(z)=— Since the potentiaVg(z) produced by 2D carriers de-

Nsz+2Naez(1-22)  (0<z<lp), pends on the hole envelope function, the subband calcula-
Nsz+ Naed a (z>1p), tions must be self-consistent. At the first step we compute the
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TABLE I. The valence-band parameters used in the calculation
(after Ref. 40. Linear interpolation is applied for AGa,_,As. -38
GaAs AlAs -40
Y1 6.85 3.45 4
Y2 2.10 0.68
s 2.90 1.29 < "
K 12 0.12 g
B> -46
]
C
W 48
potentialV(z) and the energy and wave function of the high-
est heavy-hole subband edge. After any iteration the Fermi -50
energyEg is determined and new values lof andN . are
calculated. If the in-plane wave vectlE)J[ is equal to zero, all -52
off-diagonal elements of Hamiltonia{®) vanish. Therefore
the subband edges can be calculated exactly by solving the -54
1 M 1

Schralinger equation with scalar Hamiltonidh) and effec- — 1 .
tive massesny/(y,—27v,) for heavy andng/(y,+27,) for 00 05 10 15 20 25 30
light holes. The Luttinger parameters used in the calculation kl(106 cm™)
are given in Table I. The value of the valence-band offset
V,=219.2 meV is obtained as 35% of the difference in band FIG. 2. Energy bands as a function of the wave vektoper-
gaps in two adjacent layers. The concentration of residuatendicular to the growth direction. The sample parameters are the
donors,Np, is taken to be & 10" cm 3. same as in Fig. 1.

Figure 1 shows the computed valence-band profile and
positions qf the first three subkgand edges for the sample.with WN=F ¢y 1Us+F oot Fabps 1Us+ FachnoUs,
hole densityNg=7.6x 10" cm 2. Our results can be di- (31)
rectly compared with those obtained in Ref. 5, where hole
levels in the same structure were calculated assuming the . -
n-type residual GaAs doping. In our case the electric field inwher_eu| (1=1,.. ; A) is thepenqdlc P%r} of theth Bloch
the well region is substantiallfaimost 2 timesweaker. As a function. The basis for Hamiltoniaf9) is
consequence we obtain higher values of the hole subband
edges and smaller intersubband distances (HH1 1 i
=—38.1 meV and LH* —45.9 meV as compared with the Up=—(X+iY)T,u,=—=[(X+iY)| —22Z1],
values HH* —42 meV and LH%* —56 meV reported in V2 NG
Ref. 5. In spite of a large 2D hole density only the ground
HH1 subband is occupied and the Fermi level is located
about 3 meV on top of the next LH1 subband. i . 1

Using the determined self-consistent potentifz) we “3:%[(X_'Y)T+ZZU'“4:E
next solve the Schudinger equation K, +V)F=EF and
calculate the subband dispersions teraeo. Results are o ] )
plotted in Fig. 2. The subbands are spin spéis a conse- Similarly the total Wage function of a conduction-band elec-
quence of the asymmetry of the confining poteptiahd 0N has the formW¥,=F(z)#u. where u.=SJ or ue
strongly nonparabolic. A comparison with the results of Ref.= S| @nd the envelope functidf(z) represents an unbound
5 reveals that the difference in the potential profile affectgmotion. We calculate the matrix elemefit’ep|Wy,) for
also the in-plane hole masses. For example a hole in thge transition in which the light with polarizatios is ab-
upper spin-split subband HH1 is in our model almost 30%sorbed and an electron is raised from a stz to W¢, .

lighter. Since among matrix elements|p,|X), (S|p,|Y), (S|p,|Z
Calculations including the magnetic field are performed(v:X v,2) r?werely ASIPIX). (SIPulY). (SiPuf2)

using the same self-consistent potential as Ber0. We

therefore neglect any influence of the magnetic field on the

band bending. The results will be discussed in next section. (Sp,|X)=(S|p,|Y)=(S|p,|Z)=imeP, (33
To examine measured photoluminescence spectra we need

to derive selection rules for interband optical transitions. The

complete hole wave function for a given Landau lenelan  are different from zeroR being the Kane momentum matrix

be written as element, we obtain

(X—=iY)]. (32
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TABLE Il. Matrix elements of allowed interband transitions in-
volving the lowest conduction-band Lnadau level for two different &
circular polarizations. c
=}
Hole 'c%
Landau  Electron Matrix -
Polarization level spin element ‘g
[0}
o~ n=1 1 P[F}(2)F¢(2)dz E
n=0 ! (PIV3)JF3(2)F(2)dz T
ot n=-1 1 (PI\3)[F3(2)Fe(2)dz
n=-2 ! P[F}(2)Fc(2)dz
hio 1.49 ' 150 ' 151 ' 152
(WnleplFe(z) o ST) Energy (eV)

- FIG. 3. Photoluminescence from sample witNg=7.6
- * g% 3 ot S
€ J FIén-1Fedn dor+ \/58 X 10" cm 2 measured aB=10 T in different circular polariza-
tions for the excitation power density of 0.16 mW#FknThe lines
indicated by arrows are identified in the text.

:_|m0P

X J §¢:+1Fe¢n’d3'?

2 -
+i \/;szf §¢:Fe¢n’d3r

near to the interface. This explains the relatively small inten-
sities of the bulk lines name¥, D°X, and A°X and attrib-
(34) uted to free, donor-bound, and acceptor-bound GaAs exci-
tons, respectively. Stronger peaks denotetHand D have
two-dimensional character. This appears from the line behav-

and ior with changed excitation power examined in our previous
- paper’® We found that the relative intensities Xflines in-
(WoleplFe(z) ¢n/SL) creased as the laser power was raised and more of the inci-
1 dent light reached the flat band GaAs region far from the
— —mPl —e *O*E b d3 et interface. At the same time th¥-line positions remqined
0 \/58 j 2PnFedn ¢ unchanged whereas those of bdthand D peaks shifted

towards higher energies. This results from the generation of
Xf X% E b d3r electron—hgle pairs which screen the electric field inside the
4 ¥ n+28 ern accumulation layer. In effect the band bending is reduced and
the energy of electron near the junction increases. On the
. \F > other hand, recombination processes in the flatband region
+iv/ze f Ffo*, \Fed, d3r|, (35 . : )
37z) " 37ntlte remain unaffected. The line namdl— A arises from the
donor-acceptor recombinations inside the accumulation
where si=(sxtisy)/\/§. In our p-doped structures the layer. Both its position and intensity also depend on the laser
number of photoexcited electrons is small and only the low-power.
est conduction-band Landau levels with=0 participate in We identified theH lines as resulting from the recombi-
the luminescence. An inspection of formuleég) and (35) nation of photoexcited electrons with 2D holes confined
gives the selection rules that are summarized in Table Il. Welose to the junction. The lines namBdwere recognized as
consider only optical transitions in the Faraday configura-originating from the recombination of 2D holes with elec-
tion. The transitions involving valence-band Landau levelstrons bound to residual donotsThe positions of all free-
n=0 andn=—1 are 3 times less intense than the othersgarrier transitions and of two donor lines with the lowest
i.e., they have light-hole character. One can expect that thenergies as function of the magnetic field are plotted in Fig.
strongest transition takes place between the hole lavel 4 (the lines denoted as will be discussed latgr They dis-
=—2 and the spin-down electron state in #é polariza-  play different behavior: th® lines exhibits diamagnetic shift
tion. All the components of hole wave functié®l) different ~ whereas the energies of free-electron transitions change al-
thanF,(z) (the active component according to Tabledre ~ most linearly withB.** At low fields the donor peaks are

then equal to zero. redshifted with respect to the lines by the value of 4 meV
close to the bulk GaAs Rydberg energy and the difference
V. RESULTS AND DISCUSSION increases with growing magnetic field.

To attain a high resolution the PL measurements were
Photoluminescence spectra from the sample with  performed using very low density of excitation power
=7.6x 10" cm 2 measured aB=10 T in bothc* ando~  =0.16 mW/cni. We observed that at excitation levels below
polarizations are shown in Fig. 3. At low excitation powers0.7 mW/cn? the positions ofH lines saturate and do not
most of the incident light is absorbed in the GaAs regionchange with the poweP. Presumably the number of photo-

035305-7



M. KUBISA et al. PHYSICAL REVIEW B 67, 035305 (2003

T T T T T T T
N,=7.6"10"" cm™
P=160 uW/cm™

1.520 |

1.515
-2
uuunnﬂEgu;§ﬁﬁﬁﬁmﬂa e
Yy 1
N 1
E 1.510 7
& \
9 0
© ) \ L
LICJ \\ 1
= )

1.505

0 2 4 6 8 10 12 14
Magnetic Field (T)

1.500
FIG. 5. Hole Landau levels in the sample witig=7.6

X 10 em™2 calculated(lines) and measured experimentallyym-

bols). In the ground subband only the levels are shown which in-

fluence the observed transitions and optically active hole states are

distinguished by thick lines. Squares and triangles represent emis-

FIG. 4. Shift and splitting of selected photoluminescence lines>'ON lines detegted n th_e and ‘T+ .“ght polarlza_tlon, respec-

in a magnetic field applied perpendicularly to the interface. t!vgly. Free-carrier transitions are |'nd|cated by solid _symbols. The
filling factor was evaluated assuming a somewhat higher 2D hole

o _ ~ density of 8.4 10" cm 2 as is discussed in the text.
created carriers is so small that the band profiles remain un-

altered. Under these conditions the donor-related emission [ es ann=0 hole.
distinct even at zero magnetic field but thelines emerge
only in higher fieldsB>2 T. With increasing excitation
power the donor lines gradually disapp&iFhis can be re-

0 5 10 15
Magnetic Field (T)

It disappears somewhat beldsv

=6 T and simultaneously a new line, denoted B%,
emerges in the at slightly lower energy. This can be seen in
etail in Fig. 6 where we show the PL spectra recorded at

lated to the known effect of saturation of a defect-relatecﬁelds near 6 T. The=0 level should be occupied by holes

photoluminescenc®. > . _
In this paper we analyze only the free-carrier transitionsfor filing factors »<6, i.e., up t0B=52T as calculated

in an attempt to reveal the structure of valence-band stated>NY the nominal 2D holes d?”s'ty- I—_|owever, tid I|_ne

To compare experimental results with calculated hole Lanyan'Sh_eS only a#8~5.8 T (see Fig. & This can be_explamed
dau levels we subtracted the measured transition energi&%summg that the actual hole concentratidis~8.4
from the energy E.,+0.5%w.=0.5uggB of a GaAs

conduction-band electron in the lowest Landau level. Here ' ' H1 A% X

g is the Bohr magnetorg= —0.44 is the electrog factor, \D"X\
and the effective mass,=0.067%n, was used to calculate 76T J
the cyclotron frequencw.. For each transition the projec-

|

tion of the electron spin was resolved according to Table II. %
The energyE., was used as a fitting parameter and a good g |seT NN
overall agreement was achieved for the valke, 8 ‘ i
=1464 meV(which will be discussed latgr %‘ D1 :
The results are shown in Fig. 5. We plotted merely the S |36 =
positions of Landau levels with the highest energies in the E
o El

valence subbands HH1 and LH1. The- —2 level appears

only in the subband HH1 while Landau levels witk= — 1

can be found in both subbands, andfier + 1 there are two

levels with the same numberin each subbandn=0 level

emerges once in the subband HH1 and twice in LH4t

lower magnetic fields all the transitions displayed in Table Il ' '

are observed. They successively disappear with increasing 1491 1498 1505 1512 1519

field as the involved hole Landau levels cross the Fermi Energy (V)

level. The lineHS5 related to a hole from the lower=1 FIG. 6. Detailed PL spectra obtained in low magnetic fields in

Landau level(in the HH1 subbandvanishes aB~3.5T.  the ¢~ polarization. NeaB=5.6 T theH4 line involving n=0

This magnetic field value corresponds to the filling factor holes declines and is replaced by a stronger peak with lower energy

=10 at which the hole level becomes empty. denoted a£1. At the same fields a high-energy donor transition
The next lineH4 observed in ther™ polarization in-  (presumably related ta=0 holes also disappears.

4T| |H5

6T

48T
1510 1.511I 1.512 1'51.3
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FIG. 7. Parts of PL spectra in the™ polarization including
free-hole lines measured near the crossingnef—1 andn=3
valence-band levels. Due to wave-function mixing, holes from the
level n=3 can recombine witm=0 electrons and a weak peak 10 T ‘ l
(indicated by an arroyappears on the low-energy shoulder of the

H3 transition. D2D3 H2H3

1.505 1.510 1.515 1.520

X 10" cm 2 exceeds the nominal value as an effect of Energy (eV)
sample illumination.
According to Fig. 5 the lined3 observed in ther* po- FIG. 8. High-field PL spectra obtained in the" polarization.

The linesH3 and D3 related to then=—1 hole Landau level
disappear aB=11.6 T and at the same field a new peak naf@2d
becomes visible. In still higher fields the new transition gains in
intensity and masks the lirné?2 related ton=—2 holes. However,
the donor transitionD2 also involving n=—2 holes remains
visible.

larization corresponds to the= —1 hole Landau level. In
the field range 2 €EB<9 T this is the fifth level(counting
from the HH1 subband edpeand thus the H3 emission
should disappear for the filing factow=4 (i.e., B
=8.7 T). Indeed the peak intensity starts to fallBa:8 T
but forB>9 T grows again and the line persists up to much
higher fieldsB>11 T. Furthermore, as we can see in Fig. 7remains visible up to the highest magnetic fields.
aboutB~8.2 T the broadening ofi3 line temporarily in- Measured energies of PL linegn particular of low-
creases and even an additional peak emerges on the lownergy transition$i1l andH2) oscillate with magnetic field.
energy shoulder. This can easily be explained as a result &imilar behavior was frequently observed indoped
the crossing ofn=—1 andn=3 levels predicted by the structure®®**~**and explained theoretically as a result of
calculations(Fig. 5. It was showR® that cubic terms in  many-body interaction® As in Ref. 32 we find that the
Hamiltonian(9) neglected in the axial approximation lead to amplitude of oscillations grows witB and the maximal and
strong Landau-level repulsion and to anticrossing behavior iinimal values of transition energies correspond to even and
the numbersh of levels differ by 4. This probably accounts odd filling factors, respectively. However, in oprdoped
for a slight discrepancy between the calculated and measuregructures the intensity of luminescence increases at even fill-
energies of thev=—1 level near the crossing noticeable in ing factors, in contrast to what is reported in Ref. 32. This
Fig. 5. can be seen in Fig. 9 where we plot the line shape ofthe

In magnetic fields where thel3 transition disappears a transition in the fields range 9IB<14 T. The maximum
new line labeled a€2 emerges in ther™ emission and of transition energy £=2) corresponds t8=15.7 T above
rapidly gains in intensity. Its energy is greater than that ofthe limit of fields attainable in our experiment. To our knowl-
line E1 by the valueuggB of electron spin splitting. The edge the origin of the magnetic-field-induced oscillations of
detailed PL spectra are shown in Fig. 8. The energy of thghotoluminescence intensity remains unresolved.
H3 transition cannot be determined accuratelyBor11 T Apart from the oscillations the agreement between calcu-
because it merges with the acceptor-bound excitonAif%.  |ated and measured energies of hole Landau levels is very
However, we can find the field value at which thee—1  good. Also the intensities of the observed transitions are con-
hole level becomes depopulated by examining the donorsistent with the matrix elements shown in Table II. The stron-
related linedD2 andD3. They correspond to recombinations gest transitiorH2 has an intensity on average 2.5-3 times
of donor-bound electrons with=—2 andn=—1 holes, greater than the linel1. Furthermore, the evaluated intensi-
respectively. The lin€D3 disappears aB~11.6 T, which ties of light-hole-type transitionsH3, H4) are approxi-
agrees well with the value=3 calculated using the hole mately 3 times less than those of heavy-hole-type ¢his
densityNg=8.4x 10"t cm™2. At higher magnetic fields the and H2.
peakH2 cannot be separated from the strdeg line. For The origin of linesE1l andE2 is not clear. They represent
this reason théi2 energies are not plot in Fig. 5. However, in different circular polarizations the same optical transition
the donor lineD2 related to the same hole levek -2, not related to a free-hole recombination. It is striking that the
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FIG. 9. Fragments of high-field PL spectra measured insthe Magnetic Field (T)

polarization. As the free-carrier lind1 shifts to higher energies its

: o FIG. 10. Same as Fig. 5, with exchange-correlation corrections
intensity increases.

included in the calculations.

transition energy as plotted in Fig. 5 coincides with the zero=—1 in the HH1 subband optically active in the" polar-
field position Ex of the hole Fermi level. This suggests a ization are occupied by holes down to the filling facter
Fermi-edge singularity. However, due to the small masses of 3. At higher magnetic fields the empiy= —1 states add
minority carriers in our structurgelectrons in the GaAs to the excitonic level which can then produce also the
layen, a possible singularity should be quite brdacheared radiation. We intend further investigations, both experimen-
over the ranger,/me)Er (Ref. 47]. We see sharp peaks tal and theoretical, to clarify this effect.
instead(Figs. 6, 8, and Pof a width below 1 meV. More- In strongly doped structures with high densities of free 2D
over, as was observed indoped structure® in strong mag-  carriers many-body effects beyond the Hartree approxima-
netic fields the Fermi-edge singularity appears not as a newon affect subband positions. It was shown theoretiéally
emission line, but as some increase of the Landau-level trarthat in n-doped heterojunctions corrections to electron ener-
sition when the level energy approaches the Fermi level. Thgies due to exchange-correlation effects are quite small.
other possible explanation—a recombination of electrondlowever, they should be more significantgrtype systems
with acceptor-bound holes—must also be excluded. The linbecause of large hole effective massiesthe local-density
related to this transition can be noticed in the spettee  approximation the exchange-correlation potential is propor-
Fig. 6) as a weak feature at an energy of about 15 me\tional to the effective Rydberd. In previous calculations of
below theE lines. hole Landau levels the many-body corrections were ne-
In our view narrow widths and high intensities of tke  glected. Their theoretical description is difficult due to the
lines suggest their excitonic nature. A similar line was seercomplex structure of the valence-band edge. A solution of
by Kim et al®? in the PL emission from an-doped single this problem by means of the local-density approximation
GaAs/GaAlAs heterojunction. The peak redshifted with re-was proposed by Bobbeet al® and then successfully com-
spect to the free-electron transition which emerged-ag pared with the results of zero-field PL measurements on Be
was also interpreted as an excitonic recombination. In oup-doped GaAs/Ga. ,Al,As quantum well$® We examined
structures photoexcited electrons are removed by the intethe influence of many-body effects on the Landau-level en-
face electric field far from the junction. This effect as well asergies in our structures by adding the exchange-correlation
the screening of the Coulomb interaction by 2D holes prepotential from Ref. 26 to the Hartree potenti&{z) during
vents a formation of excitonic states. This explains an abself-consistent calculations. The results are shown in Fig. 10.
sence of exciton lines in the PL emission at low magneticA comparison with Fig. 5 reveals that exchange-correlation
fields. Nevertheless, they can emerge at higher fields as thaffects change significantly the subband edges. The ground
strong magnetic field applied in the growth direction bringsHH1 subband is shifted by 12 meV to higher energies and as
an electron closer to a hole in the interface plane and ina result the effective band gap is reduced. This effect is
creases the excitonic binding. The resonance condition bénown as a band gap renormalization. Furthermore the split-
tween states at the Fermi level and those of the excitoniting between the HH1 and LH1 subbands is increased by
level possibly further increases the intensity of #dine  about 3 meV. To compare calculated Landau levels with ex-
emission®=1 It is still not clear why the excitonic peak perimental results we once more subtracted the energies of
appears in much higher magnetic fields in thethan in the the measured transitions from the energy,+ 0.5 w,
o~ polarization. As we have already noticed tEeline +0.51pgB, this time using the valug.,, 12 meV greater.
emerges only when a free-hole transition disappears. On&s is seen the agreement remains very good for the highest
can try to answer this question using the concept of phasdevelsn=1 andn=—2 but is substantially worse for the
space filling. According to the thealya hole Landau level others. We verified that the fit can not be improved by small
can contribute to the excitonic wave function as soon as ithanges of the hole density value used in calculations. How-
becomes depopulated by carriers. Both leveis—2 andn ever, the new value of the enerBy, is more consistent with
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experimental results. An inspection of the conduction-banavaluated selection rules. The measured recombination ener-
profile in the GaAs layefcomputed by adding the band gap gies agreed well with the computed positions of hole levels.
energy E4=1519.5 meV to the calculated potentisl(z) Also the field ranges in which individual transitions re-
shown in Fig. 10 reveals that it has energy 1449.5 meV in mained visible matched the calculated sequence of levels.
the flatband region far from the interface. Hence the valuébservation of Landau-level crossing provided information
E., = 1464 meV corresponds to an electron placed at least 78bout the hole states which—due to symmetry constrains—
nm away from the junction, too far to recombine with con- cannot normally participate in the emission. A detailed com-
fined holes. Increasing the enerfy, by 12 meV one shifts parison of experimental data with the theory allowed dis-
the electron to a reasonable distance of about 4G we  cerning the optical transition®amed a€) with energies in
thus conclude that the model of Bobbettal ?® adequately the range of free-carrier recombinations but not matching the
describes exchange-correlation corrections to the subbardandau-level scheme. Interestingly tBeine positions cor-
edge but distorts the effective masses of holes in excitedelated with the hole Fermi energy in zero magnetic field.

(low-energy Landau levels. Moreover, the line emerged in the" polarization in much
higher magnetic fields than in the™ one. We presented
V. SUMMARY some arguments for the excitonic nature of a related optical

. ) . ) transition possibly influenced by a Fermi-edge singularity.
We investigated photoluminescence frgruloped single  Many-body interactions affected the PL spectra in different
heterostructures at helium temperatures and in a magnetigays. \We observed well-known oscillations of the transition
field directed normally to the interfaces. Very low excitation energies in a magnetic field correlated with integer values of
powers applied in the measurements allowed to obtain rickhe hole filling factor. Inclusion of exchange-correlation ef-
spectra containing both free and bound-carrier transitions infects in Landau-level calculations along with the model re-
volving two-dimensional holes. The free-carrier lines werecently proposed by Bobbest al?® gave mixed results. A

used to derive the structure of valence-band Landau levels ifgomputed correction to the ground-subband edge improved
confined subbands. We calculated energies and wave fungye agreement with experimental results but we obtained in-

tions of hole states using a numerical procedure based on@&rect values of the hole masses, particularly in excited Lan-
realistic model of charge distribution in studied heterojunc-qay |evels.

tions. The theoretical results were consistent with experimen-
tal data. All allowed optical transitions between holes in oc-
cupied valence-band Landau levels and photocreated
electrons from the ground conduction-band Landau level This work was supported by a grant from the Polish Com-
were detected. Their relative intensities were coherent witlmittee for Scientific Research, No. 2 PO3B08419.
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