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Laser effects on donor states in low-dimensional semiconductor heterostructures
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A theoretical study of the effects of intense laser fields on the ground-state binding energies of donor
impurities in low-dimensional semiconductor heterostructures is performed. The laser-heterostructure interac-
tion is treated within an extended dressed-atom approach, so that, for a laser tuned far below any resonances,
the effects of the laser-semiconductor interaction correspond to a renormalization of the semiconductor energy
gap and conduction/valence effective masses. Calculations are performed for donors itGaaABAs
quantum wells, cylindrical quantum-well wires, and spherical quantum dots. The binding energies of donors in
low-dimensional systems increase with increasing laser intensity, and for a fixed intensity, the influence of the
laser is stronger for small detunings. Results obtained within the extended dressed-atom approach are com-
pared with previous calculations performed by using a simplified high-frequency limit of the Kramers-
Henneberger approach.
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The study of the interaction of light with atoms, mol- masses. For a Kane three-band model semiconductor, one
ecules, and condensed-matter systems is of considerable iobtains the associated laser-dressed conduétiprand va-
terest and has been the subject of intense research!wérk. lence(-) electronic bands, i.e.,

The design of new efficient optoelectronic devices depends

on deep understanding of the basic physics involved in the

interaction process. Special attention has recently been given ¢ +40 A2 1 [8A2 A2 4A%\2 B2
to the laser interaction with semiconductor heterostructures€: = —92— + 65 x >\ 3 (5+ 35 + K) om.’
Theoretically, the main aspects of the laser-semiconductor 1 m,
interaction may be classified in the following regimeés: if 1)

the laser is tuned far from any resonances, many-body effects

are small corrections to the one-electron approximafigh)  and corresponding renormalized effective massgs(see

if the laser detunings is much greater than the Rabi energy Brandi et al®). In the above expressiog, is the semicon-
A, the ﬁeld'intenSity linear regime prevails, and one mayductor energy gap& is the laser detuning gi\/en %—ﬁah
resort to the usual perturbative approaches;for s<A, &' =6+A, Ais the spin-orbit splitting, and; = ey +%iw.

there are situations in which the laser field may not be con- Note that thek-dependent semiconductor energy gap is

s:idered as a perturbation to the eleqtronic system, and th§essed by laser effects, and is given by the difference be-
field has to be treated nonperturbatively. Of course, wealg,oen the above renormalized conduction and valence elec-
resonant excitation can be considered as a perturbation, al nic bands

this lies in the background of all the absorption and photo-
conductivity measurements. The correct conditions when

resonant excitation cannot be considered as a perturbation 2 A2 aA2\2 522
should involve decay timgsFurthermore, if the laser is on &K = g5 5+ \/— + <5+ —+ —) +—, (2
resonance with a characteristic energy of the system, the 3 30" 3A4 2

many-body interaction may also be a source of nonlinear
effects, and a realistic theoretical description of problem iswith (1/u)=(1/m,)-(1/m.). The above equations provide
quite complicate. the framework for calculating laser effects on semiconductor
If a many-body treatment is not required, afid A, there  systems within the Kane model renormalized effective-mass
are few theoretical approaches adequate to study the nonpeapproach. This is valid within the one-particle picture and for
turbative regime in the field intensity. One of these schemea laser tuned far from any resonances, and may be used to
is an extension of the dressed-atom apprdacivhich has  provide an adequate indication of the laser effects on any
been recently used to study the effects of the laser fieldsemiconductor heterostructure for which the effective-mass
semiconductor interaction on the electronic, impurity, andapproximation is a good physical description.
optical properties of semiconductor heterostructures, such as Here we use the above dressed-band appPaacimves-
quantum wells(QWSs) and quantum dot§QDs).° In this  tigate the electronic confinement due both to an intense laser
simple and straightforward scheme, it is possible to incorpofield and to dimensionality effects on the shallow-donor
rate the laser effects through a renormalization of the semistates in GaAs-Ga,Al,As semiconductor QWs, quantum-
conductor energy gagg, and conduction/valence effective well wires (QWWs), and QDs. We comment on a series of
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previous calculatior’s’ which consider laser effects on donor o, (A)

states through a simplified high-frequency limit of the 0510 15 20

Kramers-Hennebergeapproach. In their scheme, they solve — -
(a)

the corresponding time-independent Schroedinger equation

for the zeroth Floquet component of the wave function, with

a zero-photon space-translated version of the laser-dressed

potential, which depends on the laser frequeagnd inten-

sity | through a single parametet,=(e/m’ w?)(8xl/c)*2.

Since, in general, laser-matter interaction depends on both

laser frequency and intensity, independently, the use of this

approximation deserves special attention.
The high-frequency approximatiqghiFA) has been intro- 5[ ]

duced in the context of laser-atom/molecule interactiand PR 10
it has been argued that it is valid if the laser frequency is 00 10107 2.0x10
much larger than the lowest energy eigenvalue having the I (W/em®)

same symmetry than the atom ground state. Later, many o (A)

author&’ have applied a modified form of the HFA to semi- 0

conductor heterostructures through an approximation of the 1.05 110 1.15 1.20
exact zero-photon Floquet potent{aE0 componentwhich (bl) ' ' '

we name as the modified high-frequency approximation
(MHFA). The validity of such approach is still more restric-
tive concerning the frequency regime. The first general com-
ment on the application of the MHFA to semiconductors is
that, in this case, one-electron approximations are only valid
if the laser is tuned far from any resonances and no real
excitation occurs in the semiconductoOf course, high-
frequency excitations promote electrons to the conduction 5 ]
band, and the Coulomb interaction may play an important 0.02 0_b4 0.66 0.68 0.10
role, due to electron-electron, electron-hole, hole-hole inter-
actions, exciton formation, exciton-exciton interaction, etc., dle,
which in principle would require a full many-body calcula-
tion. If the laser is tuned far from any resonances and the FIG. 1.(a) On-center donor binding energies as functions of the
detuning §< ¢, with the Coulomb-interaction perturbative (@ laser intensity for a detuning=0.05, and (b) laser detuning,
parameter satisfying/Ry/6<1, where Ry is the impurity With @ laser intensity=0.5x 10'° W/cn?, for GaAs-Gg 7Alg As
Rydberg energy, then the Coulomb interaction may be neQWs with L =100 A and 300 A widths. Results for bulk GaAs are
glected and the one-electron approximation is valid. Thec.hown as dotted curves. _The upper horizontal axis corresponds to
conditions under which the many-body effects may be nelN ® Parameter defined in the text.
glected have been extensively discussed by Combésaotl  of the ground-state stike states of donors in GaAs-
the perturbative parameter comes out essent?ally from thega,A))As quantum wells, cylindrical quantum-well wires,
fact that many-body effects may be taken into accountind spherical quantum dots. Note that the dressed-band ap-
through an expansion in the Coulomb potential. Therefore, ibroach has been shown to reproduce with great accuracy the
one wants to apply the MHFA to model the laser-dressed-band energy spectrum obtained from a full Floquet
semiconductor interaction, it is important to be aware ofcalculation’ As an example to show the type of difficulties
these restrictions. Notice that one could in principle fix athat may occur with the use of the MHFA, we have assumed
value forw large enough to satisfy the conditions of validity typical laser-parameter values used in the experiments of the
of the MHFA, and then to increase the laser intensity in ordeoptical exciton Stark shift in GaAs, to cover both perturba-
to be in the laser nonperturbative limit, i.&s A, therefore  tive and nonperturbative laser-field regimes. The range of
obtaining large values af,. However, it is well known that laser frequencies chosefiw= ¢, certainly guarantees the
an adequate treatment of high-intensity processes requiresaaplicability of the MHFA large-frequency assumption. In
multiphoton description and therefore several componentsrder to compare the present calculations with some results
must be taken into account in any realistic description of theof the MHFA, we note that the impurity Bohr radius ag
Floguet potentials. The above consideration poses a problem100 A and that the effective Rydberg is 1 Ry*
in the application of the HFA for very intense laser fields as=5.9 meV.
it only considers the zero-order term of the Floquet potential. On-center donor binding energies are shown in Fi@) 1
For intense laser fields, it is apparent therefore that the HFAs functions of the laser intensity for a detunifig0.05 e,
may lead to unrealistic or physically incorrect results. whereas Fig. (b) shows the on-center donor binding ener-
In the present work we compare calculations of thegies as functions of the laser detuning, with a laser intensity
ground-state dressed donor binding energies obtained with=0.5X 10°° W/cn?, for GaAs-Gg-AlgsAs QWs with L
the use of the renormalized effective-mass appréaatd of =100 A and 300 A widths. Results for bulk GaAs are also
the MHFAS7 Results are obtained for the binding energiespresented, as dotted curves. Figui@) 2hows the donor

E, (meV)
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FIG. 2. (a) Donor binding energies as functions of tt@ laser
intensity for a detunings=0.05%y and (b) laser detuning, with a FIG. 3. On-center donor binding energies as functions of the
laser intensityl =0.5x 10'0 W/cn?, for GaAs-Gg-AlgsAs cylin-  laser intensity for a laser detuning$=0.05, for GaAs
drical QWWs(solid lines, on-axis donoysand spherical QDg&dot- -Ga, Al sAs (8) QWs with length equal to 100 A and 300 A, and
ted curves, on-center dongnsith radii equal to 50 A, 100 A, and  (b) spherical QDs with radii equal to 100 A and 200 A. Full curves
200 A. are results of the present work whereas full symbols and dashed

- . . . . curves are associated to the MHFA calculatigRef. ©).
binding energies as functions of the laser intensity for a de-

tuning 6=0.0%; and Fig. 2b) as a function of the laser We must comment on the quite high valuesxgfassumed
detuning, with a fixed laser intensity=0.5x 10° W/cn?,  in several MHFA works$:” We note that if we consider a GO

for GaAs-Gg -Al,2As QWWs (solid lines: on-axis donoys laser, w~2Xx 10'* seg'~0.13eV, forl~10° W/cn?, one

and QDs(dotted curves: on-center donpmsith radii equal  has ap~60 A. In these conditions, due to the very large
to 50 A, 100 A, and 200 A. Results of Figs(bl and 2b)  detuning, the change in the semiconductor electronic struc-
are a demonstration of the well-known fact that, for a fixedture is negligible and a calculation within the renormalized
intensity, the influence of the laser is stronger for small deeffective-mass approximation would result in essentially no
tunings. Finally, the effect of the dimensionality on the elec-impurity dressing. On the other hand, real excitations from
tronic confinement is evident from the results displayed inthe impurity levels to the conduction band occur and one-
Figs. 1 and 2: the lowest the dimensionality the largest thelectron schemes may not be adequate to properly describe
binding energy, for a given laser intensity. To illustrate thethe laser-semiconductor interaction. In particular, the HFA-
significant difference between the present results with théype of approach, which takes into account only tireO
corresponding calculations by using the MHEAFig. 3  component of the Floquet potential, cannot account for pho-
compares our calculations for GaAs{3alyAs QWs and  ton excitations, and is not able to realistically describe these
QDs with those using the MHFA, from Fanya al® One  excitation processesOf course it would be interesting if one
notices that the results obtained in the two schemes are strilkcould compare the results of both the HFA and dressed-band
ingly different. The present dressed-band calculations indischemes with experimental data. Unfortunately, we are not
cate that the binding energy of an impurity in low- aware of the existence in the literature of measurements re-
dimensional systems increases with increasing lasdated to energy shifts of impurity states for the studied laser-
intensity, in contrast with the MHFA results. frequency regime. One should note, however, that the
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