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Calculations of the 4 and resonant |2, states of a shallow donor in double-quantum-well structures are
performed. The variational method is used to calculate the localized part of the impurity states, taking into
account the effect of intersubband mixing. The resonance coupling ofghetate with the first subband is
then dealt with using the Green function technique. The results show that for an asymmetric double-quantum-
well structure the & state has a maximum binding energy as the donor is around the center of the wider well
while the 2p, state has in general a maximum binding energy as the donor is in the narrower well. The
resonant coupling of thef® state is stronger for the structures with a stronger intersubband mixing, where the
2p, energy level is closer to the first subband bottom. The resonance-induced broadeningmf stete can
be as large as 6 meV, corresponding to a lifetime~df.1 ps. The resonance in general causes a negligibly
small blueshift but can give a redshift of the order of 1 meV when the resonance is strong. A phase transition
of the 2p, state can occur from the resonant nature to the bound nature by modulation of the interwell
coupling. The 3—2p, transition energy is also calculated. The possibility of population inversion between the
1s and 2, states is discussed.
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[. INTRODUCTION has been frequently studied in various fields of physics, par-
ticularly in atomic, molecular, and solid-state physics. Such a
In the last two decades, there has been considerable atteresonance can lead to an energy shift and broadening of the
tion given to shallow impurities confined to quasi-two- resonant state. The resonant impurity states in bulk semicon-
dimensional  (quasi-2D systems formed by ductors have been studied, for instance, by Bassaai?*
GaAs/AlLGa, _,As epitaxial layer§??because of their tech- The resonance of impurity states confined to QW's was
nological importance in electronic and optoelectronic de-irst pointed out by Priesteet all® and later was investi-
vices as well as their intrinsic physical interest. Numerousgyated, both theoreticafty~'*and experimentallyt in several
theoretical investigations have been performed Wth??or ~ works. In the studies of Priestest all® and Jayakumar
withoutt=>7~1%an external magnetic field to understand theet al,'? the calculations were limited to the on-center
physics of the hydrogenic impurity states in quantum wellsimpurity—the impurity at the center of the QW. The local-
(QW's). Due to the quite large difference in symmetry be-ized part of each impurity state was determined by a single
tween the impurity Coulomb potential and rectangular QWsubband to which the impurity state is attached, with the
potential, the problem of impurity states in QW’s may notintersubband mixing neglecté®!? The resonant effect was
be exactly solvable and its solutions are in general obtainethen considered using the Green function technique, equiva-
by variational calculations with localized trial functions. lent to the treatment of the Fano mod&IBecause of ne-
The calculations have been mostly limited to the groundglecting intersubband mixing, their calculations will be valid
states § and some low-lying excited states such asquantitatively only for the impurity in a sufficiently narrow
2pg, 2p+1, 3dg, 3d.q, 3d.,, etc., in the usual spectro- QW where its binding energy is much smaller than the en-
scopic notatiorf® The states &, 2p.,, 3d.,, etc., have ergy separation between its corresponding subband and the
zero nodes along the growth axtee z axis), in similarity to ~ nearest higher one. For the on-center impurity, the parity
the states in the lowest subband. In the absence of magnetiifference causes no resonant coupling between thestate
fields, such states always lie below the lowest subbasd and the lowest subband; consequently, tlig State is the
gardless of the QW widdhand therefore have been regardedlowest resonant state in resonance with the lowest subband.
as associated with the lowest subband. Similarly, thg@hd  Calculated results showed that the resonance effect causes a
3d.; states are associated with the second subband becausegligibly weak shift and broadening of thel 3state(both
of their nodal property along theaxis, similar to the states are of the order of 0.1 meVThe resonance of thepg state
in the second subband. With the QW thickness changing, thevas first theoretically investigated by Yen, with varying the
energy levels of the states move with the associated subbarmipurity position in the QW and taking into acount the in-
and may overlap with the lowest subband if the QW is suf-tersubband mixind? The resulting energy broadening has
ficiently narrow®=° In the same rule, thed3, state, associated been found capable of 3meV (corresponding to a lifetime
with the third subband, may overlap in energy with the low-of ~0.1ps) for the impurity midway between the center and
est two subbands. In a real case these states are unbound dhe edge of a 400-A QW. It is expected that such a predomi-
are describable by the Fano formulatibtis which the reso-  nant resonance would allow a more resolvable experimental
nant interaction is treated between a discrete energy levabservation, compared to the resonance adf 8tate, under
and one or more continua of states that overlap with thehe environment of various intrinsic scatterings.
energy level. The Fano resonance is not a new problem; it There have been a number of studies of impurity states in
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! The problem of impurity states in CDQW'’s is dealt with

: mainly based on the approaches in Ref. 14 with a slight

! modification. According to the multisubband theory in Ref.

| 14, the - donor statey,5 in a 2D system is totally localized
_________ 0 b o """"; while the 2p, state,, may be unbound due to the reso-

b
———w -—= = Tty . . . . .
2 nance interaction. Thereforef,zpo is expressed in a combi-

- i (&} i
FIG. 1. Schematic illustration of the GaAs|@a,_,As cDQw  nation of a localized party;, and an extending part
structure consisting of a GaAs left well of thickness and a GaAs I,/I(Z)é)o L Pop,= z,/f(z%)o-i- 1/r(2>,§)0. The localized functions/,;s and

right well of thickness wg, separated and sandwiched by ,(®) are optained by the variational method. To find proper
Al,Ga _,As barriers. The interwell barrier is of thicknebs The Po

origin is taken at the midpoint of the interwell barrier. The donor is trial functions fory,s and ‘//ZDO' we note first from the mul-
atz=z. tisubband theoryf that ¢, is an element of a function space
S-1 which is a Hilbert space with all subband state functions

coupled double quantum well€EDQW’s) consisting of two ~ #nk Of the corresponding impurity-free 2D systemheren
QW's separated by a thin barrier:'® These investigations s the subband mdexBar_idls an in-plane wave VeCt)%)QS the
were totally focused on the localized states @nd 2.,)  basis vectors. Alsoys;) is an element o8-, and ¢4y is an
associated with the lowest subband, in no external fieid,  element ofS,, whereS-, represents the function space with
a magnetic field®~*® or simultaneously in an electric and a the subband state functions, (n=w») above the {— 1)th
magnetic fields? In a CDQW structure, concurrent effects of subband as the basis vectors afidrepresents the function
quantum confinment and interwell tunneling on the impurityspace with the functiong,, in the vth subband as the basis
states lead to a rich variation of the binding energy, dependyectors. ThereforeS. ;=S-,+S;. As a matter of facty;s

ing on the overlap between the impurity Coulomb potentialmyst be the extremal giving the global minimum of the func-
and the distribution of the electron density which is a func-tional E[ ] of the expectation value of the enerdy ]
tion of the impurity position, the well thickness, the barrier = ¢ y|H|y)/(y|y) for yre S-,, sinceys is the ground state
thickness, the ratio of the thicknesses of the two QW's, angf the 2D system with the impurity, which is described by the

also the external fields. HamiltonianH where
In this paper, the B, resonant donor state in
GaAs/AlL Gy _,As CDQW:'s is investigated. We calculate, H=Hy+V.(r), (1a)

based on the theory in Ref. 14, the variations of the lifetime

broadening, the energy shiftlue to the resonance effect

and the binding energy of thepg state in CDQW structures, V(r)=———.
as functions of the impurity position and well thickness, for ¢ eNp t(z—2z)

different interwell coupling. Because of the strong resonanhereH is the impurity-free Hamiltonian of the CDQW,
0 - C

coupling of the D, state with the continuum of the lowest . . -
. . ) is the Coulomb potential energy due to the positive charge of

subband, it is expected to be a potential candidate for hg ' s ;
. . . . .. _the donor, and is the static dielectric constant of the mate-

electron traps in the mechanism leading to a negative differ-.

ential conductané® and serve as the upper state for intraim-,['hag'v\\/l\gl r;i%etf;rt:; ?;ﬁirgn(fh? ;fé?g:ﬁ;gﬁim (t)):itt\?(/) enen
purity population inversion between thes hand 2p, states Yers. P

for terahertz-stimulated emissiénTherefore, we also calcu- =(p.z) wherep is .the in-plane radial vector anzjlls the .
late the 5 2p, transition energy for the donor in CDQW z-component coordinate of the electron. The effective atomic

structures as a function of the impurity position and the Well.urmS have been adopted in H@). The energy and length are

width. In Sec. Il we present briefly the calculation techiques.In units of the effective Rydberg and effective Bohr radius,

. . . 4
Calculated results and discussion are presented in Sec. ”respectlvely, of the materidlGaAs making up the welf

Finally, a summary of the results and a conclusion are draw imilarly, the localized functlorwzpo is the extremal giving
in Sec. IV. the minimum of the expectation value of the energy in the

spaceS-,: E[y]=(y|H|¥)/(. |¢) for yeS-,. For ad-
missible functions restricted withif- ,, zp(z?))o can therefore
be regarded as the ground state of the Hamiltoltan the
The CDQW structure considered in this study, as scheeontrary, for functions in the total spacg., ¢(2E,§L is no
matically shown in Fig. 1, consists of two GaAs wells, thelonger stationary and must be corrected with the ﬂéﬁo

left one being of thickness/. and the right one being of Based on the argument above, we calculate variationally

thicknesswg, saparated by an /&g _,As barrier of thick- (B) | o : . .
nessh. The whole structure is assumed sandwiched by twdblS and Y2, USING the trial functions which are elements of

semi-infinite ALGa, _,As barriers. The origin of the coordi- S=1 zli4nd822, respectively. We take the trial functions in the
nates is taken to be at the midpoint of the interwell barrieform

andz; denotes the coordinate of the hydrogenic donor at an

arbitrary .pos.ition. The in-plane radial coordinate of the do- v,= E 2 Cnle—oqufn(z)' )
nor location is assumed to e=0. n=v 1

(1b)

II. CALCULATION METHOD
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wherev=1 for 45 and v=2 for ‘/’(2%)0' Heref,(z) is the HerePx ! means to take the Cauchy principal valuexof.
zdependent part of the subband functionf,, The resonance enerdyyp, of the 2p, state is obtained by

=e*rf _(z)/ VA (A being the area of the CDQWwhich  finding the peak position of the partial DOS spectrum
satisfies the impurity-free Schdimger equationHgyn, — N2p,(E). The broadening width of thef® state is here de-
=En¥nk, Enk being the corresponding eigenvalue. Obvi-fined as the full width of half maximuniFWHM) of the
ously, 1 € S=1 and ¢, € S-,. It should be pointed out that partial DOS spectrum, different from that in Ref. 14. The
the trial functionsy; and ¢, in the form(2) are not neces- DOS spectrum is of a Lorenzian shape if its width is much
sarily orthogonal sincé, is the trial function fon/;(z‘f))o which ~ smaller than the energy diﬁerenE@po— Ejk-o; in this case

is only the localized part of the @ state ¢, . A more the FWHM can be well approximated byI'2E;, ). It re-

detailed discussion about the orthogonality between the 1flects the capture time of an electron from the lowest sub-
and 2p, states can be found in Ref. 14. For a given setof  band stateg, , into the 2o, localized state/;(za and also the

minimizing E[,] by varyingCy, gives a set of eigenvalue escape time of an electron from the localized to the subband
equations  JE/9C,=0 (n=v,v+1,...;1=12,...),  states. The resonance lifetime is estimated using the relation
which determines the minimal expectation values and simul;= 7/FWHM. The resonant coupling also causes an energy
taneously the corresponding coefficier®s,. By further  ghift OfAE:Epo_E(Z%)O_

varying the nonlinear parameteds, we have more degrees
of freedom to obtain a lower minimd& which corresponds
to a more accurate solution. The set @f leading to the

minimum energiest ;s or E(Z%)O=min%E[¢V], gives the best In this section we present the calculated results for the
solutions fory, s and 1//(2%)0 in the framework of the trial func-  donor states in GaAs/Ba,_As CDQW structures with an

tion (2). The binding energies of thesland 2p, states are interwell barrier of thicknes®=2 nm. In the calculations,

then determined by the energy differenceg o= E; o the effective mass of QG?_{,XAS is assumed to be
—E,. and Es 2p,= E2k-0— E(z?))o, respectively. 0.0665(1+ 1.25¢) m, wherem, is the free electron mass. The

: o . . - barrier height at the GaAs/Ba _,As interfaces is deter-

It is worth giving a discussion about the applicability re- i\ from the relatiol\E.= 1.36¢+ 0.222 eV with 60%
strictions (g]; the trial func’Fion(Z). The Iogalized-funct!ons conduction-band offset. T%e static dielectric constans

Y15 and gy, can be described by the trail functié?) with 5 en as 12.5. These parameters are intentionally taken the
an accuracy depending on the numbers of Gaussian orbitagaime as those in Ref. 19 to compare some of our results with
e~ **" and subband functionf,(z) that are included in the those in Ref. 19.

trial function (2). For an impurity in a very wide In the variational calculation, we use nine subbafi{g)
(>400 A) or very narrow €30 A) well such that a lot of (n=1-9 for ¢, andn=2-10 for c,//(Z%)O) and five Gaussian
subbands are close in energy to the impurity state of interes&rbitals -
one must include many subband functidnéz) in the trial
function (2) to obtain an accurate result. Fortunately, increas
ing the number of subband functions means an increase

the numbgr of Ilnear_varla.tlonal parametels . I_n this case, nm apart to simulate the real structuré$lt has been previ-

one has simply to_dlagon|2((aB;arger—rar_1k matrices. ously checked that the infinitely high potential walls are far
Once the localized panpy, is obtained, the resonance gpart from each other such that the impurity states of interest

coupling betweerqb(z'?}0 and the continuum of the lowest sub- will not be affected by the artificial enclosure. The five pa-

band states/, , is treated with the Green function technique. Fametersa; are taken in the form ofy=a+0.25(—1)°
The resumng partia' density of Statésos) of the 230 reso- wherea is determined Var|at|0na”% This set Ofa| is found

nant statey,, can be written in the form of capable of giving accurate binding energy by comparing the
0 binding energies obtained using a variety of setgoiin the

III. RESULTS AND DISCUSSION

ap?® (I=1-5) for the trial functions expressed in
Eqg. (2). The nine subbands are all discrete even if some of
them are above the barrier in energy since we use the CDQW
Tructures bounded by two infinitely high potential wab®

1 variational calculation.
npo(E)I—;lmm, (33 Figure 2 shows the binding energies of the state
(Eg,15) and 2, state EB~2Po) as functions of the impurity
® 1 = T(E') position z; in various CDQW structures. In Fig.(®, the
F(E)=E-Ep,— P A dE’, (3D curves are for the structures consisting of a GaAs left well of
k=07

thicknessw; =10 nm and a GaAs right well of thickness
varying from 3 to 10 nm\yg=3, 5, 7, 9, 10 nm), separated
T(E)=m 2 [(¢8o Vel 1)) |?8(E—~Eqy) by a 2-nm A} .GagAs interwell barrier, and then sand-
K wiched by A} ,Ga, sAs barriers.(See Fig. 1. For Fig. 2b),

A the structures are similar to those for Figa)2except that
_|<'//(2I;3))|Vc|¢lk: =) for E=E g Al Ga) /As is used for the barriers. Also, we replace the
4 0 TV o ' curves for (v, ,wg)=(10,7) nm with those for (5,2.5) nm
0 for E<Ejx-o- to make a comparison of theslbinding energy of the

Y (30 (5,25)-nmCDQW with that in Fig. 4a) of Cenet al!® The
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124——H —+— F—t——t—+—+— tion, resulting in two lowest peaks of the binding energy.
(10,3) nm—7 28\ (w_wg)=(10,3) nm| . . L
(10,5) nm™ 427" Similarly, the 20, state has a maximum binding energy as
10 (o7 nm T (10,5} nm the impurity is around the center of the right narrower well,
3 N (10.7) nm except for the structures (10,3) nm, since th®, Ztate is
% 8- mo_stly composed of_the second subband st_@txgq(s(ocfz) in
2 which the electron is more likely to stay in the narrower
& 6 L well. For the symmetric structure, there is equal likelihood of
_g finding the electron of the second subband states in the two
£ 41 L wells. Thus we have a symmetric variation of thgyzind-
------ = ing energy with the impurity position. With the right nar-
> , , , , , ; , rower well thickness decreasing, the electron den$itfz) |
=20 -5 10 5 0 5 10 15 20 initially has a tendency to being localized in the right well
(a) Impurity position z, (nm) because of the reduction of the intersubband mixing and,
14 : e e consequently, the®, peak binding energy increases. Further
| (6,2.5) nm—="\ (w,,w.)=(5,2.5) nm decreasing the right well thickness then causes the electron
124  (10,3) nm—;—-{/ Y (10,3) nm 1 density to spread out of the right well into the barriers and
< (10,5) nmﬁ'ffv’\\\\ k (10,5) nm the left wider well since the second quantized level is pushed
E 10T (10,9) ”m—,""//f’l'\\‘i\ 10,9) nm T up close to the third and other higher subbaapeculiarity
> 8_'_(10‘10) an/!;// p (10,10) nm in CDQW), increasing the mixing of the second subband
@ I ///'// with the higher subbands. This explains the reduction of the
o 6 . 2poy binding energy as the right well thickness decreases
'-§ from (w,_ ,wg)=(210,5) to (10,3)nm. Furthermore, theg
@A 4+ peak binding energy for the (10,3)-nm structures occurs at a
''''' position deviating significantly from the center of the right
- . . narrower well. The results indicate that the effect of intersub-

band mixing is important in accurate calculations of thg 2
state in a CDQW structure. We also find from Figb2that

the effect of intersubband mixing is smaller on the, Ztate

in the (5,2.5)-nm structure than in the (10,3)-nm structure

structures with(@) Al ,Ga, /As barriers andb) Al 4Ga, As barri- becguse of the difference in the left wider well thickness.
ers. The structures considered (@ have a left well of thickness Figure 3 shows the FWHM of the patial DOS spectrum of

w, =10 nm and a narrower right well of thickness varying from 3 the 20, state induced by the resonance coupling as a func-
to 10 nm g=3, 5, 7, 9, 10 nm). The structures () are similar  tion of the impurity positionz; for the CDQW structures
to those in(a), except that the structure of( ,wg)=(10,7) nmis  consisting of a 10-nm left well and a right narrower well of
replaced by that of (5,2.5) nm. All the structures have an interwelvarious thicknesses wr=3,5,7,9,10 nm), separated and
barrier of thicknes®=2 nm. sandwiched bya) Aly,Ga gAs barriers andb) Al Ga, /As
barriers. The interwell barrier layers are still of thicknéss
results are in excellent agreement. It is found that thetate =2 nm. It is found from Fig. @) that for the structures with
has a maximum binding energy as the impurity is around thé\l ,G& gAs barriers each curve exhibits two peaks as the
center of the left wider well for asymmetric CDQW struc- impurity is around the centers of both the left and the right
tures. This is because there is a larger likelihood of findingwells, except for the (10,3)-nm structure. The variation of
the electron of the lowest subband states in the wider wellthe 2p, spectrum width can be well explained by means of
Since the % state is mostly composed of the lowest subbandhe matrix elements in Ed3c). Since the matrix element is
statesiyy (<f;), the impurity in the wider well enhances of the Coulomb potential betweefy , and 1//(2%)0, according
the Coulomb potential compared to the impurity in the narg their nodal properties along theaxis, we expect that a
rower well. A larger overlap between the electron distribu-jocal minimum of the spectrum width occurs as the impurity
tion and the Coulomb potential leads to a larger binding enis around the midpoint of the whole structure, in agreement
ergy. This can also explain that the peak binding energy ofyith the result in Fig. 8&). This also explains the two peaks
the 1s state increases as the right well thickness decreasegf each curve. It is found that the stronger resonance occurs
With the right narrower well thickness decreasing, the probip the (10,9)-nm and (10,10)-nm CDQW structuregere
ability of finding the electron in the right well reduces and {he intersubband mixing is strongeand the resonance be-
part of it transfers to the left well through interwell tunnel- comes weak as the right well thickness decreases. The cou-

ing; this enhances theslbinding energy as the impurity pling strengthl’(E,, ) also sensitively depends on the mag-
stays in the left wider well(The change in the distribution of 0

the electron probability density can also be understood frorﬁ"tUde of the yvave vectok = VE2p,~ E1k-0. and thus on
the viewpoint of intersubband mixing between the first andthe energy differencés,, —E;—o. For a large value of
second subbandsFor the symmetric structurg(w, ,wg) K, 1 exhibits a rapid oscillation along, leading to a small

=(10,10)nn, the electron density has a symmetric distribu-overlap integral oﬂ<¢<2$,>o|vc|¢l,k>|, as has also been dem-

() Impurity position z, (nm)

FIG. 2. The binding energies of thes tate(dashed curvesand
the 2p, state(solid curveg vs the impurity positiorg; for CDQW
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FIG. 3. The FWHM of the partial DOS spectrum of theg2 FIG. 4. The resonance-induced energy shift of tipg &tate vs

state vs the impurity positios, for CDQW structures with a left e impurity positionz; for CDQW structures with a left well of
thicknessw, =10 nm and a narrower right well of thickness vary-

well of thicknessw, =10 nm and a narrower right well of thickness ]
varying from 3 to 10 nm\§z=3,5,7,9,10 nm). The structures con- "9 from 3 to 10 nm Wg=3,5,7,9,10 nm). The structures consid-
sidered in(a) and (b) have barriers made of MGagAs and ©red in (@ and (b) have barriers made of flGagAs and

Alo {Gay, As, respectively. The interwell thickness of the structures”0.55%.AS, respectively. The interwell thickness of the structures
isb=2 nm. isb=2 nm.

onstrate_d in Fig. 3 of Ref. 10. W|th_the right well thickness responding spectrum width becomes zero. Similarly, as the
decreasngzpo moves upwards with the second SUbbandimpurity lies at z=2.5-7.5nm, the D, state for wq
while the first subband has merely a slight change. As a9 nm is bound but becomes resonant as the impurity
result, the energy differend®,, —E;x—o increases and the moves out of the range. Accordingly, we expect a transition
resonance coupling decreases with the right well thickneskom the resonant phase to the bound phase of fheskate
decreasing. It is noticed that further decreasing the right welin a CDQW structure by modulation of the interwell cou-
thickness causes strong subband mixing between the secopting, which can be easily achieved by an external electric
and higher subbands, as has been described dhodghere- field normal to the interfaces.
fore gives a significant probability density of the second sub- Because the resonance coupling depends on the energy
band states in the left wellenhancing the resonance cou- separation between the impurity level and the edge of the
pling as the impurity is in the left well. This explains that the in-resonance subband, th@ 2state can have a much stron-
left peak for the (10,3)-nm structure is higher than theger resonance strength than tray3tate. The result in Fig. 3
(10,5)-nm structure and the right peak for the (10,3)-nmshows that the broadening of th@2state can be as large as
structure occurs as the impurity is at a position deviatingg meV (corresponding to a lifetime of 0.1 ps), an order of
significantly from the center of the right well. magnitude larger than thed3 state'®!? Since such a short
For the CDQW structures with Al0.3@aAs barriers, the resonance lifetime is in general less than the lifetime due to
variations of the P, spectrum width fowg<7 nm are es- other intrinsic scatterings, we expect that the resonance can
sentially similar to those for the structures with Al0.2GAs  play a predominant role in a certain of physical processes.
barriers, but fowg=9 nm, the behavior is quite different,as  The energy shift of the |2, state arising from the reso-
can be seen in Fig.(B). As the impurity positiorg; is in the  nance coupling is shown in Figs(a} and 4b) as a function
range from -8 to 8 nm, the® level for wg=10 nm lies  of the impurity positionz; for the CDQW structures that are
below the first subband because the weak interwell couplinghe same as in Figs.(® and 3b), respectively. The energy
results in a small separation of the lowest two subbands. Thghift exhibits a more complicated variation wii), com-
2p, state in this case becomes purely localized and the copared to the binding energy and the spectrum width. We
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know from Eq.(3) that it depends on thepg energy level 70 l = l l l l

EZPo and the coupling strengti(E) over a range of energy. 604 oz 1
For weak coupling strength(E)~0, the peak of the partial 50 . 1
DOS spectum is aE,, ~E%) and the energy shif\E = at wider well center 2p,10-1s
=Eqp,~ ESp) is small. This explains the more considerable = NN N —

shift for a wider right well (with a stronger intersubband ?30“ -
mixing). Since the functio’(E) in general monotonically S 204 L
decreases witk, the integral in Eq(3b) is positive(i.e., the -

third term on the right gives a negative contribudidhE is 01 e T i
not too close to the lower limiE;,_, of the integral; as a o iTmeemg
result, we have a blueshift for the CDQW structures with a 3 4 5 6 7 8 ° 10
narrow right well fvg=3-5 nm). On the other hand, for the (a) Narrower well thickness w,, (nm)

structures with a wide right well, the energy difference — e e |
E2p,~Ei1k=o is small and the energlf we are interested in

x=0.3 T
is close to the lower limiE; x_o. This causes the integral in 2p.-to-1s :
Eq.(3b) to be negative, leading to a redshift of the resonance ~ e0+ "y ™. 2p°_t°_E +

0 1,0

energy. Since the coupling for a wider right well is stronger,
the energy shift in such a case is more pronounced. In the

case where thef®, state is a bound state, the coupling with at yider well center

the first subband merely gives a correction in the binding %.\ 1
energy, corresponding to a redshift of theg2level. It is S ~_ 1!
found that the energy shift is generally of the order 0.1 meV ‘\:‘\::l:::

of magnitude fowg=<7 nm, but for the case of strong cou- — P

pling (wg=9 nm), the shift can be as large as being of the 3 4 5 6 7 8 9 10
order 1 meV. Compared with the binding energy in Fig. 2, (b) Narrower well thickness w (nm)

the energy shift is in general much smaller and can be ne-

glected. FIG. 5. The %,-1s transition energy and thepg—E;x_o en-

The electric dipole transition between thes &nd 2, ergy difference vs the right well thicknesg; for the impurity lo-
states is allowed for electromagnetic fields polarized in théting at the centers of wells. The CDQW structures have a left well
growth direction. Figure 5 shows thepg-1s transition en- of th'CkneSSWLz.lo nm anq barriers ”.‘ade of Al0.2GAs in () .

. . . and Al ;Ga -As in (b). The interwell thickness of the structures is
ergy and Pg-E; - energy difference for the impurity lo- am
cated at the centers of the wells as a function of the narrower '
right well thicknesswg, with the left wider well thickness ]
fixed to bew, =10 nm. The curves in Figs(& and b) are  the LO phonon energy/i(w o~36 meV in GaAs. On the
for the structures with barriers layers made up ofotherhand, ifE;, —Eqx-o>%iw o, population inversion is
Al ,Gay gAs and Al 4Ga, /As, repectively. It is evident that difficult to achieve since LO phonon emission occurs before
the structure with a narrower right well has a larger transitiorelectrons reach the energy level. It is found from the
energy and also a largér,, —E; - due to the large sepa- figures that the CDQW structures with a narrow right well

ration of the two lowest subbands. Thegls transition (WR$4_ nm_) are not suitable for observation of the resonant
energy lies in the far-infrared or terahertz range. Recently, &Caltering in transport processes.

mechanism for population inversion between a resonant ex-

cited_ state _and the groun_d state has been proposed for accep- IV. CONCLUSIONS

tors in strained bulk semiconductdrsin an external electric

field parallel to the interfaces, electrons can be accelerated We have presented a calculation of thednd 2o, States
from the band edge upwards to the vicinity of the resonancef a shallow donor in a coupled double-quantum-well struc-
enegy level. If the resonant coupling is strong, the electrongure. The variational approach with intersubband mixing is
will likely be captured in the localized part of the resonantused to calculate theslstate and localized part of thepg
state from the band continuum. The excited resonant state &ate. The resonance of thegstate is considered using the
thus occupied and population inversion is achieved if theGreen function technique. The results show that thestate
ground state is emptied due to impact ionization by the elechas a maximum binding energy as the donor is around the
tric field. Based on a similar mechanism, we expect the poseenter of the wider well of the CDQW structure, while the
sibility of population inversion between thesland 2, 2p, state generally has a maximum binding energy as the
states in our CDQW structures by applying an electric fielddonor is around the center of the narrower well. The resonant
parallel to the interfaces. At sufficiently low temperature coupling of the 2, state with the lowest subband is strong
such that LO phonon absorption is negligibly weak, electronsvhen the 2, energy level is close to the lowest subband
can easily reach thed energy level through the lowest bottom. The resonance can give a lifetime-00.1 ps. By
subband if the energy differend®,, —E;x-o is less than modulation of the interwell coupling, the resonant nature of

165331-6



RESONANT HYDROGENIC IMPURITY STATES AND §-. .. PHYSICAL REVIEW B 68, 165331 (2003

the 2p, state can change to the bound nature. The resonanemseful in designing a CDQW structure for experimentally
in general causes a negligibly small blueshift of the,2 0bserving the resonance effects of the, Ztate.

energy. However, when thepg energy level is close to the
lowest subband bottom, it may causes a redshift of the order

of 1 meV. The D,-1s transition energy is also presented as _ This work was supported by the National Science Council
a function of the narrower well thickness. The results are ©f the Republic of China under Contract No. NSC 90-2112-
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