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Intersubband Relaxation Rates of a Two-Dimensional Electron Gas under High Magnetic Fields
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The electron-bound hole luminescence of a GaAs-based heterojunction has been investigated as a
function of magnetic fields at low temperatures. The study of the intensities originating from different
Landau levels allows one to obtain precious information about the relaxation rates within these levels
and provides values far above those predicted by standard theories. A new mechanism involving
impurity-assisted phonon emission is proposed which gives good agreement with the experimental
results. [S0031-9007(97)05136-3]

PACS numbers: 73.20.Dx, 73.40.Kp, 78.20.Ls

The intersubband relaxation (ISR) of carriers in a two-spin % Consequently this luminescence probes only the
dimensional electron gas (2DEG) has been the object aflectronic properties of spin up 2DEG in each Landau
intensive studies because it governs the efficiency of lightevel (LL) and can be modeled quite easily [13] which
emitting devices based on those systems [1]. These studll allow us to obtain absolute values of the ISR rates.
ies have been essentially performed on undoped quantufthe observed system is in fact in dynamic equilibrium and
wells without magnetic field using time resolved tech-the resulting 2DEG concentratiory can be monitored by
niques [2—5] and demonstrated scattering times betweehe incident laser power. This ISR can therefore be stud-
a few ps up to 750 ps depending on the energy splittinged continuously as a function of the magnetic field and
of the electric sublevels. When this energy is higher thamg. The resulting data are analyzed with a semiempirical
the longitudinal-optic (LO) phonon energy, short times aremodel showing the importance of fluctuating potentials in-
observed and well explained by standard analysis of theide the heterojunction.

LO phonon emission rate [6,7]. On the other hand, when A typical evolution of luminescence spectra with mag-
this condition is not fulfilled, though the times get longer, netic field B is displayed in Fig. 1 for constant inci-
they still remain much shorter than expected from simpledent laser power; and an electron density ofs =
acoustical phonon emission rates [8]. However unde2.2 X 10" cm 2. At low energies, the LL structures
magnetic fields there are indeed very few experimentabriginating from the lower electric subband evolve pro-
reports [9—11] and it appears also that times shorter thagressively transferring the oscillator strength to the lower
1 ns are obtained for ISR and this deserves more systerhi. because of the increase of its density of stakgs)
atic investigations. (¢po being the flux quantum). Note that the LL energies

We have performed polarized optical experiments unundergo abrupt changes near integer values of the fill-
der high magnetic field and very low temperature oning factorrv = ng¢(/B reflecting a reorganization of the
n-type modulation doped GaA&aAlAs heterojunctions electric field inside the heterojunction. One still observes
with a buffer layer of about 30 nm and a GaAs layerat higher energy a weak structure which corresponds to
width of 500 nm. A singles-doped layer of acceptors the N = 0 LL of the second electric subband with an in-
[C (sample A) or Be (sample B) with a concentration oftensity Iy which clearly oscillates wittB. To quantify
about10'° cm™?] is located in GaAs 35 nm away from this variation we have deconvoluted the low energy part
the interface and the electron-bound hole luminescence ©f the spectrum in order to extract the intensliy; of
excited by the 514.5 nm Arlaser line with incident pow- the N = 0 LL and plotted the ratidl,o1/110; as a func-
ers less tha@ X 1072 W cm 2. The emitted light is col- tion of B [Fig. 2(a)]. This quantity is directly propor-
lected by a fiber system and recorded with a DIL&R tional to the ratioN,g/Nio; of the corresponding level
spectrometer equipped with an optical multichannel anapopulations and tdM,,|?/|M1,|? the ratio of the square
lyzer detection. These samples have well known specifiof the optical matrix elements between the wave function
properties [11] and, in particular, the emission is stronglyof each of these levels and that of thewave function of
spin polarized at low temperatures [12] where only thethe acceptor. These matrix elements are easily computed
lower hole energy impurity level is occupied with a [13] as a function oB taking for the electric part of the
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FIG. 2. Ratio of the luminescence intensities originating from
the N = 0 Landau levels of the second and first electric
subbands (a) and corresponding electron population of the
FIG. 1. Upper part: Electron-bound hole luminescence spectrgecond electric subband (b) as a functiorBof

of sample A for increasing values of the magnetic field by steps

of 0.2T (P, =13 X 1072 Wem™? corresponding tong =

11 —2 i . . . . .
2.2 X 100" cm=). The lower part shows the corresponding gign of acoustic phonons with the deformation potential
variation of the Landau level energies. The dotted lines are hani 16]. H fop < 2 and at .
linear interpolations of the/ = 0 and 1 Landau level energies Mmechanism [16]. However, for and at magnetic

showing the existence of subband level crossings at about 3fields above the level Crpssing, this mechanism gives rates
and 6.3 T. of the order of10° s™!, i.e., at least 4 orders of magni-

tude smaller than those expected to reproduce the varia-
htion of Nygr. In that condition(» < 2) the rate equations
simplify. Figure 3(a) schematically presents the main re-
laxation channels which have to be considered [15] and
which lead to the following relation describiniyyy in
stationary conditions:

2DEG wave function the Fang-Howard model [14] whic
depends on a single parametefitted self-consistently
with the known parameters of the structure. In particu
lar the model allows us to calculate radiative recombina:
tion timesrg; (200—-300 ns) and7g, (20-30 ns) from the

n = 0 LL of the two electric subbands in good agreement N s 2 = v)/710-10 + 1/120-11 + 2/752

with experiment [9]. As long as > 1, Nigt = B/ o 007 2k 72 = v)/Ta0-10 + 1/T20-11 + 1/7s2

and Nyo; = ng whenv < 1. Therefore the variation of |

Lot/ Lo can be transformed in the variation of tabso- X ) (1)

lute valueof Nao with B as depicted in Fig. 2(b). Note a/ro-10 + 1/720-11 + 1/7r2

that N»o; has a mean value about 3 orders of magnitudeV,y depends orrg;, T2, and on times;y—19 andro—1;
smaller thamg, goes through minima close to even val- corresponding to spin conserving processes betviggn
ues of v and through a broad maximum for< » < 2. and E;; and betweenE,, and Ejy, respectively. 7g,

The rate equations describing the dynamics of the wholés related to the spin flipped process withifyy. 752
system are quite complicated and will be reported latehas been calculated with the model of Bastard [17]
[15]. They have to take into account the spin conservwhich provides rates in the range of few)® s™! in

ing relaxation rates between the different LL of inddx excellent agreement with reported data [9]. In Eq. (1),
related to the subband E;y, and also the spin flip re- a =1 — v is @ measure of the number of places made
laxation rates within each LL. Far > 2, the relaxation available for relaxation due to the radiative recombination
mainly occurs towards the empty states of the differenfrom E,, with a relative occupation number;y. «

LL as long as these levels do not cross the second electris clearly small forv > 1 and its value fitted at =
subband (see Fig. 1). The corresponding relaxation rates is varying proportionally to the measured radiative
vary from 108 to 10'° s™! being enhanced close to the intensity. Forv < 1, = 1 — ». InEq. (1),720-11 has
subband level crossing which is explained by the emisbeen evaluated with the standard electron-acoustic phonon
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concentrationng of electrons one has the same amount
of ionized centers beyond the buffer layer. Because of
the structure of samples this effect is largely dominant as
compared to that due to the remaining ionized acceptors.
On pure theoretical grounds the problem is not easy to
solve since one has to deal with a system which is
degenerate in the ground state. We have adopted an
empirical approach to model the relaxation assisted by
impurity potential fluctuations between the levélg and
) subband Eyo split by AE. Each impurityu is located at a distance
L3 crossing z,(<0) from the interface and exchange an energy

[ v=2 KXo °\\ with the electron to reach an intermediate statsefore
Lol 1 ol v=i relaxing via the emission of a longitudinal-acoustic (LA)

[ 3 \ l phonon of energyiviag propagating at a speed 4.
osh Ko . * Sample A been &T We will assume in the following that these impurities are
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@f —x— Experiment in whichk, r andq, R are wave vectors and vectors of the
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o Ciledaion | fluctuating potential in 2D space and of the phonons in 3D
10 12 14 space, respectively. The most efficient component of the
B (T second order matrix eleme? is the one describing

) ) first the interaction of the initial staiewith the fluctuating
FIG. 3. (a) Scheme of relaxation channels between d'ﬁere”botentlal followed by the emission of an acoustic phonon

states considered in the rate equations. (b),(c) Comparis
between the calculated and experimental valuesvgf, the b the final staté. This element can be written as

electron concentration of the second electric subband for —ikz pik-r iq'R
(b) sample A and (c) sample B. M? = A, (k) 1/ B( Z {ile 1) {tle |f>

&y

model [16] and this contribution gets very strong before ®)

Ey1 crossesEy and disappears afterwards. The reasorwhereA, (k) and B(g) are the Fourier components of the
why 10-10 IS not reproduced by standard models is thatscreened fluctuating potential (SFP) and of the electron-
the acoustic phonon energy released by the recombinatigghonon deformation potential, respectively. The SFP is
(=10 meV) corresponds to a momentugnwhich cannot described within the random phase approximation and
be transferred by a pure noninteracting 2DEG under , (k) = 2me?/go[k + F (k)] 'e*, whereF(k) has an
magnetic field. One has to invoke fluctuations of theanalytic expression depending on the static dielectric
potential with an appropriate length scale which couldfunction ey and the electron effective mass of GaAs [18].
assist the relaxation with phonons. These fluctuationgn the spirit of the self-consistent Born approximation
could have different origins such as electron-electror{17,18], an empirical approach consists in assuming a
interactions or electron impurity interactions. This lattermean valuel’ for &, which has to be fitted. With this
part has to be considered seriously because for a gi|vei{pproximation one obtains
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BesidesI' there is no adjustable parameter in this ex-tures as a function oB allows us to obtain directly in-
pression sincer,;, the conduction band deformation po- formation about the intersubband relaxation rates in these
tential, andp, the density of GaAs, are tabulateflsg, structures. The large values obtained cannot be explained
the magnetic field length, is knowN,, the number of by a simple acoustical phonon emission process. It has
ionized donors impurities, equals, and w, the phonon been shown that within a semiempirical model which as-
frequency, corresponds essentially to the splitthg =  sumes that such an emission is assisted by the impu-
hw. The solution of Eq. (4) is very sensitive to this valuerity potential fluctuations a good quantitative agreement
and increases strongly with magnetic field. The resultés found with the experimental results. It would be inter-
obtained by a numerical integration using theeasured esting that such a model could be justified on more funda-
splitting give rates in the rang)'°-10'! s™! and allow  mental theoretical grounds.
us to calculate, with Eq. (1)N,9;. The comparison of The Grenoble High Magnetic Field Laboratory is labo-
the calculations with the experimental results is showrratoire associé a I'Université Joseph Fourier et L'Institut
in Figs. 3(b) and 3(c) for samples A and B, respectively National Polytechnique de Grenoble.
The value chosen fof is the half-width of the lumines-
cence line measured for each samgdle=t 0.35 meV for
sample A and 0.5 meV for sample B). It is very interest-
ing to note, considering the approximations, that the main(1] J. Faistet al., Science264, 553 (1994).
features are reproduced quantitatively. This is also true[2] D.Y. Oberli et al., Phys. Rev. Lett59, 696 (1987).
when ng is changed [15]. We think that the agreement [3] J.A. Levensonet al., Solid State Electron.32, 1869
between the model and the experimental results cannot be  (1989).
completely fortuitous. In both cases the minimunm\af; [4] B.N. Murdin et al., Semicond. Sci. Technol9, 1554
for » = 2 is shifted to high fields and is very likely due (1994).
to the fact that the relaxation towards; should also be % I\'\ﬂ CH'aIt?éh;rglet glh’yzhése'vR‘E}‘;tiﬁg%glge’ggg%g)'
tCrreeagtseg g’tgeirzggagﬁap%ré’cﬁgW'r\]'g:]et;ga; tﬁgirg%e """ [7] R. Ferreira and G. Bastard, Phys. Reva@ 1074 (1989).

or p . [8] B.N. Murdin et al., Superlattices Microstructl9, 17
changes abruptly (see Fig. 1). Indeed the observed varia- (1996).
tion turns out to be a delicate balance between a smoothg A F. Dite et al., JETP Lett.54, 389 (1991).
increasing variation ofrs; [15] and an irregular varia- [10] F.A.J. M. Driesseret al., Phys. Rev. B47, 1282 (1993).
tion of m9-19. Finally, one can compare the present re-[11] I.V. Kukushkin and V.B. Timofeev, Adv. Phyd5, 147
sults providingry—10 times of the order of 20 to 50 ps (1996).
to those obtained, at zero field, by Murdihal. [8] rang-  [12] G. Martinez, Physica (Amsterdart4B, 51 (1993).
ing from 40 to 100 ps in samples WithE =~ 18 meV: [13] C. Hartmanret al., Solid State Commuril03 91 (1997).
The expected trend is verified but a detailed comparisoft4] F.F. Fang and W.E. Howard, Phys. Rev. Let6, 797
is difficult because the relation between relaxation rateE (1966).
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stresses the importance of modeling the electron-phonon g jteq by M. Scheffler and R. Zimmermann (World Sci-

relaxation rates in order to compare the actual measure-  gniific, Singapore, 1996), p. 2179.

ments in different conditions. [17] G. Bastard, Phys. Rev. B6, 4253 (1992).
In conclusion the study of the intensities of the electron{18] T. Ando, A.B. Fowler, and F. Stern, Rev. Mod. Ph{g,
bound hole luminescence in Ga3aAlAs heterostruc- 437 (1982).
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