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Intradonor absorption spectra under external fields in quantum wells
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The effects of magnetic and electric fields on the infrared-absorption properties associated to transitions
between the 4&-like and 2.-, 3p.-, and 4.-like excited states of hydrogenic donors in
GaAs-Ga _,Al ,As quantum wells are studied. The magnetic and electric fields are applied along the growth
direction of the heterostructure, and donor envelope wave functions and energies are obtained within a varia-
tional procedure in the effective-mass approximation. Calculations for the intradonor transition strengths for
x-polarized radiation and absorption coefficients are performed for finite-barrier potentials and as functions of
applied magnetic and electric fields and quantum-well thicknesses. A discussion of a sum rule associated to
donor transitions in quantum wells is presented. Theoretical results for the absorption spectra are in good
agreement with available infrared-magnetospectroscopy measurements on doped quantums wells.

I. INTRODUCTION 1s—2p.. donor transitions in GaAs-Ga,Al ,As QW’s un-
der electric and magnetic fields, and foipolarized radia-
Theoretical and experimental work on optical transitionstion, were calculated taking into account the appropriate dop-
between electronic states has been used as a basic tool for tig profile and have provided an adequate understanding of
determination of energy levels in semiconductor heterostructhe available $—2p.. experimental measurements.
tures and serve as a guide for technological applications in In this work we present a detailed study of the intradonor
optoelectronics. Electronic and optical properties of impuri-infrared-absorption spectra related to impurity transitions
ties in semiconductor nanostructures have been largel{ls—2p., 1s—3p., and Is—4p.) in donor-doped
studied~*in the past two decades due to the important roleGaAs-Ga _,Al ,As QW’s under the presence of electric and
impurities play in these systems. Suitable doping providegnagnetic fields, both applied along the growth direction of
interesting changes in the semiconductor physics when ori@e QW. In Sec. Il we discuss the variational procedure fol-
is interesting in tailor-made quantum structures. Magnetolowed within the effective-mass approximation to calculate
spectroscopy experiments have been carried out on shallowhe effects of these fields on the ground and excited states of
donor impurities doped in the central region of a GaAs quandonors in GaAs-Ga Al ,As QW's, present the expression
tum well (QW) in GaAs-Ga_,Al ,As multiple QW’'s by for the absorption line shape, and derive a sum rule associ-
Jarosik etal® who found increased values for the ated to donor transitions in QW'’s. Our results and discussion
1s—2p. transition energies with respect to bulk values.are in Sec. Ill and conclusions in Sec. IV.
Helm et al® have performed a detailed investigation of the
far-infrared absorption spectra of GaAs-GAl o ;AS super-
lattices and have investigated intersubband asé 2p,, do- Il. THEORY
nor transitions. Far-infrared measurements performed by Yoo 1o Hamiltonian of a hydrogenic donor in a

et al” have allowed the observation of electric-field eﬁeCtSGaAs-Gq Al ,As QW in the presence of both electric and
—X X

on the electronic states of shallow impurities in selectivelyma netic field<applied perpendicular to the interfat@sa
donor-doped GaAs-Ga,Al ,As QW's. The intensity of an be \g/]vritten as sapp perp pesay

intradonor transition is determined by the dipole matrix ele-

ment between the initial and final donor states, and one may

therefore obtain the intradonor absorption coefficient: the ex- 1 S, e?

perimental energy transition is then associated to the position H= o (Px+Py+Py)— —+eEz+V(2), 23

of the corresponding peak in the absorption spectra. The ef-

fects of electric and magnetic fields on the intradonor transi-

tion energies between the sdike ground state and whereV(z) is the barrier potential of the QW of width,
2p.-like excited states of hydrogenic donors inr=[p?+(z—z)%]*?is the electron position with respect to
GaAs-Ga _,Al ,As QW'’s were recently studidollowing a  the donor atz;, E is the electric-field intensity-e is the
variational calculation within the effective-mass approxima-electron charge, anch* and e are the GaAs conduction-
tion. The theoretical infrared-absorption spectra associated teand effective mass and dielectric constant, respectively,
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which we assume to be the same throughout the heterostruc- . e
ture. The components of the momentum operator are given 200 @L=150A "
by 2p, 7
—~ 160} ‘
e ) A
Pi=pi+ A (i=xy,2), (2.2 s !
¢ > 120 k<
2
where A is the vector potential. If one chooses the gauge 2
A=(B/2)(—y,x,0), whereB is the magnetic field, it is 8o/
straightforward to show that the momentu?p andP,,, an- N
gular momentunL,, and positionx satisfy the following 400 2 ‘-‘ é é 10

commutation relations:
magnetic field (T)

[Px.Pyl=—iam*w., [Py, L, ]=—iaPy,

1.2 : ; .
(b)L=150A, B=3T
[Py.LJ=—ihPy, [X,H]=iAP,/m*, (2.3 1.0
with w.=eB/m* ¢ being the cyclotron frequency. Due to the g 0.8 5
rotational symmetry around tteaxis, the eigenfunctions of 3 o6l 1s-2p, 2
the Hamiltonian(2.1) may be chosen as the same as for the ﬁ ) E
L, operator. These functions are denoted |byn), where % 0.4} — E
m is the magnetic quantum number andrepresents the k] -
remaining quantum numbers. The variatiojreh) donor en- 02
velope wave functions are taken as products of the exact 0.0 °
solution of the square well in the presence of the electric % 40 60 80 1% 120
field (a combination of Airy functionsand hydrogeniclike ' photon energy (cm™)
functions® such as
1.2 ; . :
IMis=exp(—Nqgl), (2.4a9 (c)L=150A, B=3T
) 1s -2p,
Tp, =plMexp(+ig)exp —Agp 1), (2.4b) Z 08l
s
3 s -2p.
T3p, =p™(2— By rexp+ig)exp(—Ngy 1), £
(2.40 = 04} 1
F v
F4pi=p|ml(5—5B4pir+a4prr2) P ] ,'1
0.0

Xexq +j QD)eXF( — )\4p+r), (240) 20 40 &) 80 130 120
- photon energy (cm™)
and the donor energies are minimized with respect to the

varlatlongl parameters as detailed in previous wiork. FIG. 1. (a) Magnetic-field dependence of the donor energies for
By using(2.3), one may show that the matrix elements of the 1s- (dashed-dotted lings2p. - (dashed lines and 2_- (full
x (for x-polarization lighj satisfy the following sum rule: curves like states for arL=150 A GaAs-Gg-Al ,As QW. For
each donor state, the lowénppe) curve corresponds to on-center
(on-edgé¢ results. The lowest Landau leviel+ y of the QW in the
zn: Tnomo,n: 1, (2.9 absence of impurity is also showdotted ling. (b) 1s-2p.. intra-
donor absorption coefficiertfor x-polarized radiationand the cor-

where responding transmission spectra as a function of the photon energy
for anL =150 A donor-dopedin the central%) QW under a mag-
m=mo+1 (m— mo)Eﬁm - neticI figld (?f Sd'l_'.((_:) 1s-2p. intradorlforhabsorptgndcogfficiel(iblr
T "NoMo <n0m0|x|nm>|2, x-polarized radiation comparison of the centra doping results

= |

oMo N R 1 (hwe) (AP2m*) ' (full curve) with the case of an homogeneous donor distribution

(2.6) (dashed ling Full dots on the energy axis correspond to the experi-
mental results by McCombet al. (Ref. 11).

and Enmn,m,=Enm= En_m, is the transition energy between

states with quantum numbersm and nom,, respectively. the square of the dipole matrix element between initial and

Notice thatT, , n corresponds to the oscillator strength for final donor states and to tHe(z;) distribution of impurities

transitions between statefn,m,) and |nm), with m in the QW. For the case ofst-np. (n=2, 3, and 4 tran-

=m,* 1. sitions, and forx-polarized radiation, the absorption coeffi-
The intradonor absorption coefficient is proportional tocient is
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FIG. 2. Intradonor absorption coefficie(for x-polarized radia-
tion) for 1s—2p, transitions in GaAs-GgAl ; ;As QW’s of dif-
ferent widths and donor doped in the centgalunder different
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FIG. 3. Donor energies for thesi, 2p..-, 3p.-, and 4. -like
states of ar. =150 A GaAs-Gg -Al 5 ;As QW as a function of the
magnetic field. For each donor state, the loweype) curve corre-
sponds to on-centédpbn-edgeé results.

L/2
alw)~o X, J dz|(1s|x|nm)|*P(z)
nm=x1 J-L/2

X 8(Epmis—h o). 2.7

In evaluating the above intraband absorption coefficient,
we follow Yoo et al.” and replace thé function in Eq.(2.7)
by a Lorentzian with a width equal to 4 cm (=~0.50 meV.
This may be understood as a numerical artifact to simulate
broadening processes that have not been included in the
theoretical derivation of Eq2.7).

Ill. RESULTS AND DISCUSSION

The magnetic-field dependence of the on-center and on-
edge donor energies forsd, 2p, -, and 2 _-like states for
anL=150 A GaAs-Gg ;Al 5 sAs QW are shown in Fig. (&).

The lowest Landau levelEy+ vy, whereE is the ground-
state energy of the QW in the absence of impurity and mag-
netic field andy is a dimensionless measure of the magnetic
field % is also shown(dotted ling. The infrared -2p.. in-
tradonor absorption coefficier(for x-polarized radiation

and the corresponding transmission spe(fiva an arbitrary
sample width are shown in Fig. (b) as a function of the
photon energy for ah =150 A donor-dopedin the central

1) QW under a magnetic field of 3 T. This result for the
absorption coefficient is compared with the absorption for a
homogeneously doped QW and with the experimental results
by McCombeet al! (full dots on the energy axisn Fig.

1(c). One should note that the widths of the computed ab-
sorption line shapes depend both on the phenomenological
width (4 cm™?) of the Lorentziah used to simulate thé
function of Eq.(2.7), and on the spatial donor distribution.
The agreement between the peaks in the experimental data
(with central} doped samplésand the theoretical line shapes

values of the magnetic field. Full dots on the upper energy axigncorporating the correct centrgl doping profile is_quite

correspond to the experimental results by Jaresi&l. (Ref. 5.

good. Also, the line shape of the experimental spéaira
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FIG. 5. Intradonor absorption coefficietfor x-polarized radia-
< 250 tion) for a donor distribution over the centrél of anL=150 A
E 200 GaAs-Gg /Al  sAs QW, and for different magnetic fields. The con-
~ tributions associated to the various intradonor transitions are given
'g 150 by dotted lines whereas full lines correspond to the total absorption
o coefficient. Full dots on the energy axis correspond to the experi-
§ 100 mental results by McCombet al. (Ref. 11).
‘D
s 50 ambiguously supports the interpretation that the cergral
= o doping is the correct model for the donor distribution in the

QW. The 1s-2p, intradonor absorption coefficientfor
magnetic field (T) x-polarized radiation in GaAs-Gg Al o As QW’s donor
doped in the centraj, under different values of the magnetic
FIG. 4. Intradonor transition energies for GaAsyGal o As QW's for field (B:4, 6, and 8 ‘)', are shown in Fig_ 2 for different
(@ L=125 A, (b) L=150 A, (c) L=210 A, and(d) 450 A, as functions of  \ye|| widths. The peaks on the theoretical results for the ab-
the magnetic field. Theoretical results are obtained from the peaks of thgorption coefficients compare well with the experimental
absorption coefficient for QW’s doped on the cent%aland are compared . 5 . .
with experimental data by Jarosgt al. (Ref. 5, McCombeet al. (Ref. 11 qata by .Jaro_snet al” for low values Qf Fhe applied magnetlc
and Cheret al. (Ref. 12. Experimental datadots, squares, triangles, tc. 11€/d. We believe that a better description of the experimental
correspond, in increasing energy, te-2p_, 1s-2p, , 1s-3p, , and Is- measurements for high magnetic fields would require more
4p, transitions, respectively. realistic (with more variational parametgrfiydrogeniclike
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variational wave functions in order to better allow distortions
caused by the applied magnetic field.

The effect of the magnetic field on the theoretical donor 20l L=150A ]
energies for the 4, 2p.-, 3p.-, and 4. -like states of an
L=150 A GaAs-Gg -Al 5 sAs QW is shown in Fig. 3 for the 15 ]

case of on-center and on-edge donors. It is worth noticing
that the energies corresponding to the higher levels, (2
3p--, and 4. -like state$ are more sensitive to the intensity

of the magnetic field than the lower states. Our results in Fig. 0.5 T 4s-3p

3 for on-centerdonors qualitatively agree with the theoreti- 18-4p e T
cal results presented in Fig. 1 of Chenal? It is clear from 0.0 . : :
the theoretical results in Fig. 3 that the intradonor transition
energies would very much depend on the impuggsition ‘ magnetic field (T)
in the QW, and therefore that a proper understanding of ex-

perimental data on doped QW'’s must in principle involve a 25 - - -
donor-profile-dependent calculation of the full absorption co- (b) z/L=05

efficient. 201 L=150A 1
Theoretical results for donor transitions between the /\_//
15} ]

1s-like and 2p--, 3p+-, and 4.-like excited states, ob-
tained from the peaks of the absorption coefficients for
GaAs-Gg -Al o As QW's, doped on the centrg| are com-
pared with experimental data by Jarosikal,> McCombe

et al,'* and Cheret al'?in Fig. 4. One should note that the OSp  4s-ap

two highest experimental transitiofisp and down triangles N
in Fig. 4 were assigned by McCombet al** and Chen 002" "% 8 10
et all? to 1s-3p. and 1s-4p. transitions. The intradonor
absorption coefficientgfor x-polarized radiation and for a
donor distribution over the centra of the QW of an
L=150 A GaAs-Gg-Al ,5As QW, and for different mag-
netic fields, are shown in Fig. 5. It is apparent, therefore, that 20Ff B=2T ]
a proper understanding of the experimental data should in- \
volve a careful analysis of the infrared-absorption spectra. 150 b
For zero magnetic fields, the absorption spectra clearly ex-
hibit structures corresponding to an admixture of different
donor transitiongsee the case ofsl-»3p. and Is—4p-
transitions in Fig. &a)]. Of course, an additional broadening 0.5 3
mechanism could produce a large homogeneous linewidth | T
that might result in asingle inhomogeneously broadened o.g - s s
resonance at the experimentally measured posftfinFig. 00 200 300 400 500
5(a)]. For increasing magnetic field, one may notice that the well width (A)
agreement between theory and experimental data for 1

2p.. transitions is in general good for all QW widths. For  FIG. 6. Intradonor oscillator strengths for an=150 A
1s—3p- and Is—4p- transitions, theoretical results devi- GaAs-Gg Al oAs QW as a function of the magnetic field for on-
ate considerably from the experimental measurements for irsenter (@) and on-edge(b) donors; also shown is the oscillator
creasing values of the magnetic field, due to the absence sfrength vs well width for a magnetic field of 2 T in the case of
electron-phonon interactions in our theoretical calculationon-center donors. Dashed curves represent contributions associated
As shown by Chenget al,'® phonon effects may be quite t0 1s—np (n=2, 3, and 4 transitions whereas full curves corre-
important for donor transitions in the region near the enerspond to the sum of these contributions.

gies corresponding to the TO and LO phonons.

The sum rulé&* defined by Eqs(2.5 and(2.6) was ana- to notice that as the magnetic field increases the contribution
lyzed in Fig. 6, which presents the intradonor oscillatorto the total oscillator strength coming from transitions related
strengths for anL=150 A GaAs-Gg-Al,As QW as a to 1s-to 3p.-, and 4. -like states is reduced.
function of the magnetic field for on-center and on-edge do- The effects of an externally applied electric field on the
nors. Also shown in Fig. 6 is the dependence of the oscillatoimtradonor k-2p . transition energies are shown in Fig. 7 for
strength with the QW width for a magnetic field of 2 T in the anL =500 A GaAs-Ga Al o sAs QW under different values
case of on-center donors. Of course, the exact result pref the magnetic field. Theoretical results obtained from the
dicted by Eq.(2.5 for the total oscillator strength was not peak of the absorption coefficielonor distribution over
achieved in our theoretical calculation since it involves athe centrak of the QW are shown in the full curves whereas
variational procedure and therefore the envelope wave fundhe dashed curves correspond to intradonor on-center transi-
tions and related matrix elements are not exact as comntions. Notice that the peaks of the absorption spectra and
mented by the authorin a previous work. It is worthwhile on-center transitions are essentially identical if no electric

2.5 T T T T

101

oscillator strength

1.0fF

oscillator strength
-
(7]
N
©

25

1.0] oo ]

oscillator strength
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FIG. 7. Intradonor $-2p. transition energies for ah=500 A
GaAs-Gg Al g,As QW under(a) B=7 T, (b) B=8 T, and(c)
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FIG. 8. Intradonor absorption coefficietfor x-polarized radia-
tion) for a donor distribution over the centrél of an L=500 A
GaAs-Ga /Al g As QW for a magnetic field of 8 T and electric
field of 5 kv/cm.

Also, although the experimental work did not report the
1s-2p_ transition energies, our theoretical resuykee Figs.

7 and 8 unambiguously indicate that they have enough
strength to be observable in a far-infrared-magnetospec-
troscopy experiment.

IV. CONCLUSIONS

In this work we have presented a study of the effects of
magnetic and electric fields on the infrared-absorption prop-
erties associated to transitions between thelike and
2p+-, 3p=-, and 4. -like excited states of hydrogenic do-
nors in GaAs-Ga ,Al,As QW's. Donor envelope wave
functions and energies are obtained within a variational pro-
cedure in the effective-mass approximation. A discussion of
the sum rule associated to donor transitions in QW'’s was
presented, and the absorption spectra corresponding to intra-
donor transitions were calculated and related to available
infrared-magnetospectroscopy experimental work. We have
unambiguously shown that a quantitative understanding of
the experimental data must involve a detailed analysis of the
intradonor absorption coefficient together with a proper con-
sideration of the profile of the donor distribution in the QW.
Our results for transition from <t to 2p..-like donor states

B=9 T magnetic fields, and as functions of applied electric field.were in overall agreement with available experimental mea-

of the absorption coefficieritionor distribution over the centrglof

ing 3p-- and 4p..-like donor excited states should probably

the QW whereas dashed lines are associated to on-center dongxye ‘into account the electron-phonon interaction together

transitions; experimental datéull dots) are from Yooet al. (Ref.

7).

field is applied; if an electric field is applied, the symmetry
of the QW along the growth direction is broken and a proper

with a better description of the donor-hydrogenic part of the
trial envelope wave function for a better understanding of the
experimental data.
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