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Photoluminescence from a modulation-doped Al;6Ga; ¢AS/GaAs heterointerface
under cyclotron resonance
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Magnetophotoluminescence and change in photolumines¢Bhg@tensities, due to far-infrared irradiation
at the cyclotron resonand¢€R) magnetic fields, in modulation-doped AlGa, sAs/GaAs single heterostruc-
tures are measured. The changes in PL intensities due to CR absorption strongly depend on the Landau-level
filling factor (v) and CR energy; i.e., the Landau-level separation. Wher2 and CR energy is more than
intersubband energy separation, luminescence from the ground subband is almost quenched and that from the
second subband is greatly enhanced by CR absorp&ii.63-182608)04148-4

I. INTRODUCTION have been reported for single heterostructdre although
the signal changes are complicated; that is, some peaks are
PhotoluminescencéL) measurements are useful for in- enhanced and other peaks are suppressed under the CR con-
vestigating not only the band structures in undoped semicordlition. Their principle has not been understood because of
ductors but also the carrier properties in modulation-dopedhe complicated magneto-PL spectra in single heterostruc-
heterostructure¥:*® For two-dimensional electron gas tures, especially in quantum Hall effect regions.
(2DEG) systems, magneto-PL spectra reflect many striking N this paper, we report the experimental results of the
phenomena, such as the integer and fractional quantum HZipanges in the PL spectra due to CR absorption in the
effects, which are generally studied in transportmodulation-doped AlsGa sASs/GaAs single heterostruc-
experiment$-8 Furthermore, the magneto-PL spectra them-tures. In these structures the wave-function overlap b_etween
selves have unveiled interesting features, such as the Femg_round sgbb.and electrons and photogenerated holes is small,
edge-singularity(FES.® In a magnetic field, electrons are and that is different from quantum well structures. The over-
distributed to Landau leveld.L’s) and the filling factorv is lap is rather large between the wave functlon of electrons in
: . .the second subband and that of holes. We discuss the recom-
d_etermlned by the density of the _ZDEG ?”d the magnetl%ination mechanism between electrons and photogenerated
field. On the other_ hand, holes exist only in the_ lowest LLhoIes for magneto-PL spectra and also discuss how these
because the density of photogenerated holes is much le§8ecira are modified by the FIR irradiation as a function of
than tha}t of the 2D.EG in a weak excitation condition. In{ha || filling factor (v) and the CR energy, i.e., the FIR
r_nodulatlon—doped lsmgle heterostructures, elect.rons are Co@nergy. For the sample with extremely low-electron density,
fined at the heterointerface, however, photoexcited holes afge complicated feature of the magneto-PL disappears and a
not Conﬁned, and the Separation of the wave functions i$n0n0t0nica||y Change of the PL intensity and emission en-
rather large. The measured PL spectra are, therefore, largeditgy is observed as a function of the magnetic field like as a
affected by the spatial separation between electrons angulk exciton emissiofi. Although the low-electron density
holes. region is important, we restrict our discussion to the high-
Under the irradiation of far-infrare(FIR) light at the cy-  electron density region where the rich features are observed
clotron resonancéCR) magnetic field, electrons are excited in the magneto-PL spectra.
to the higher LL's. Measuring the PL spectra in this nonequi-
librium condition is effective for studying the interaction be- Il. EXPERIMENTAL TECHNIQUE
tween electron-hole radiative recombination and electron ex-
citation by CR absorption. In addition, changes in PL spectra The samples used in this experiment are conventional Si
due to CR absorption are also important from the viewpointnodulation-doped Al;Ga ¢As/GaAs single heterostruc-
of the CR measurement method, which is called opticallytures grown by molecular beam epitaxy. The layer structure
detected cyclotron resonan@@DCR).}*"*8 This method has is consist of a semi-insulated GaAs substrate, a 50-period
a super sensitivity for bulk materials. The principle of ODCR 2-nm AlAs/2-nm GaAs superlattice buffer, dm undoped
for bulk materials has been explained as a decrease of tHéaAs, a 60-nm Aj3GacAs spacer, 10-nm Si-doped
bound-exciton luminescence due to an electron heating bl 3dGay gAs, 80-nm undoped AkGa AS, 10-nm Si-
the FIR absorption!'? However, for heterostructures, the doped A} 3G sAS, 15-nm undoped AkGa ¢As, and a
ODCR signal is complicated and the mechanism of ODCRLO-nm GaAs capping layer. The electron density and the
has not been clarified. Regarding quantum well structuregnobility are 2.4< 10> m~2 and 140 AV ~1s ! after illumi-
changes in PL spectra under the CR condition are extremelyation at 1.5 K. We control the electron density at the het-
small and only a few percent, though ODCR has been useedrointerface by slightly etching the surface GaAs and
for studying donor transitiodd and exciton Al 3Ga ¢As/GaAs layers in this experiment.
intratransitions.” On the other hand, rather large changes The multichannel ODCR setup is used for the optical
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1.530 . . electrons in this LL cannot recombine with the holes because
these electrons cannot scatter and cannot screen the potential
, of holes. Furthermore, the recombination between electrons
1.525 ’ : in the higher LL’s of the ground subban@®, L,>0) and

holes inL,,=0, whereL,, is the LL index of holes, is forbid-
den by the selection rule. On the other hand, recombination
is allowed between electrons in the lowest LL of the second
subband(1,0) and holes inL,=0. As a resultE; emission
becomes strong anB, emission quenches far>2° The
recombinations originating from higher LL's have been ob-
served forv>2 in the acceptor-doped single heterostructures
as shown in Ref. 4. In such a structure, electrons recombine

Energy (eV)

1510722 (0,0) T . ? with the holes bound in acceptors without being limited by
(a) (b)| (c) the selection rule. However, it is not the case for the conven-
1505 i V= — v=1 S tional modulation-doped single heterostructures. In the high
70 2 4 6 8 magnetic field region for<2, the electrons in the partially
Magnetic field (T) filled (0,00 can recombine with the holes. As a resu

becomes stronger arit} quenches except at=1, where the

FIG. 1. Magneto-PL spectrum in the single heterostructure UP-SPin level is completely filled and the down-spin level is

(SampleA: Electron density is 1.8 10" m~2.) empty. Because the completely filled level cannot contribute
to the emission just as the casewof 2, E; emission has an

measurement. The details of the setup are shown in Ref. 1ftensity maximum atv=1° The discontinuity of theE,

It features charge-coupled devic@SCD) with an image in-  emission energy at the=1 has been understood as the

tensifier synchronized with a pulsed FIR laser. With th'SSkyrmion effect®2! In the low magnetic-field region, the

setup, PL intensities are obtained as a function of both Waves “emission seems to be enhanced again when the magnetic

length and magnetic field. A 514.5-nm cw Ar laser via ag|q is close to zero. In the low electron-density single het-

1-mm-diameter optical fiber was used to excite the sample, oo ctures as shown in Ref. 7, the emission coming from

&he electrons in the ground subband is observed even when

electron density. The PL signal is collected by the same f|be1r}> 2. In particular, the recombination of the electrons in the

and detected by the CCD through a 0.50-m single—gratinq:ermi edge is enhanced, what is called PHS.our results
spectrometer. For the FIR irradiation, the sample is mounte owever. the Fermi ene’rgy from the bottom' of the gro,und
in the Faraday geometry in an FIR light pipe at the center o ubband,is 5.8 meVt® T and the expected emission energy
{ahrseuepelz?lgn?iﬁgéng 9%1?,9”?130%0'(9:”30\,1\12;&712 I;o\rlxe ause about 1.514 eV, where the bottom energy of the ground
' " Y ' subband is estimated by the fitting shown later. The observed
methanol-gas laser pumped by a £@ser. The system also mission peak is not explained by the FES. One possible

enables_ us to measure FIR transmission, and th.e .C rigin is the excitonic recombination of the Fermi-edge elec-
magnetic fields were determined from the FIR transmwsmqrons, which has some small exciton binding energy around
spectra. 1.5 meV due to the separation between electrons and holes.
However, the emission-shaped sharp PL at 1.5125 eV is dif-
ficult to understand. Another possible origin is the acceptor
Figure 1 shows a typical magneto-PL spectrum for the(carbon bound exciton recombination from the bulk GaAs
sample with an electron density of XA0' m~2. The PL  region. If this were the origin, the reason for the intensity
intensity is represented by contour lines as the function oflecreasing with increasing magnetic field would not be clear.
both energy and magnetic field. Two major peaks are obin this paper, we mainly discuss the change in the PL inten-
served. The higher energy peak,j comes from the exci- sity due to the CR absorption in high magnetic-field regions;
tonic recombination between photogenerated electrons in th@n explanation of the emission peak in the low magnetic-
second subband and the photogenerated holes. The secdield region requires further study.
subband widely distributes into the substrate side and strong We measured the changes in the PL intensity due to CR
excitonic recombination with photoexcited holes occurs. Theabsorption of FIR irradiation. The dotted lines in Figéa)l
emission energy and its shift as a function of magnetic fieldl(b), and Xc), which correspond to Figs(&), 2(b), and Zc),
are nearly equal to the exciton PL line in bulk GaAs. Therespectively, indicate the CR magnetic fields for the three
lower-energy peakH,) is originated from the recombination FIR lines used in this experiment. FiguréaRshows the PL
between electrons in the ground subband and the photogepectrum(PL), the PL spectrum under 163/©m FIR irra-
nerated holes. The intensity maximum of the emission diation (FIR-PL), and their difference ) at the CR mag-
and the discontinuity o, emission at 6.53 T correspond to netic field ofB=4.38 T, which corresponds to=1.50. Both
v=1, and another maximum &, emission at 3.26 T cor- theE, andE,; emissions slightly decrease. And this decrease
responds tav=2. In the low magnetic-field region wherte is explained as a carrier heating due to the FIR absorption
>2 electrons distribute into several LL’s in the ground sub-under the CR conditiof On the other hand, in Figs.(3
band. The lowest LL of the ground subbandl,(L.)  (FIR: 118.8um, B=6.02 T, andv=1.09) and Z) (FIR:
=(0,0), whereN is the subband index and, is the LL  96.5 um, B=7.39 T, andv=0.89), theE, peak is sup-
index of electrons, is completely filled by electrons. Thepressed and th&; peak is enhanced. The enhancement of

Ill. RESULTS AND DISCUSSION
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FIG. 2. Normal PL spectrédotted ling, PL spectra under FIR g L
irradiation(solid line), and their differencegircle and solid ling at > Ercmeans? Ml S il Dbty ]
PN 7]
each CR magnetic fieldSampleA). 8 OMWW
[
. L L . T -20t FIR: 118.8 um |
the E; peak is strong in Fig. @), but it is weak in 2b). v=158 613 T
These observations clearly indicate that the change in the PL “4%10 1515 1520 1525
spectrum by CR absorption, i.e., ODCR signals, in the con- 80
ventional modulation-doped single heterostructures is largely )
affected by several parameters, including filling facior 2 o
And the signal is much larger than those of bulk and 5 40}
qguantum-well structures. To further investigate the ODCR £ 20
mechanism in the modulation-doped single heterostructures, =
we first estimate the energy levels of electron subbands from % 0
the PL spectrum. Although the jump of the emission energy g 20l FIR: 96.5 um |
at v=1 causes ambiguity, the linear increase inEyeemis- v=128 757 T
sion energy forr<<2 suggests a nonexcitonic nature of the 4% 1515 1520 1525

E, emission in this regime. The dashed line, notéd), is

the fitted value of the transition energy between electrons in
(0,0 and photogenerated holeslig=0. The photogenerated |G 3. Magneto-PL spectrum, and PL specatted ling, PL
holes are not confined and almost located in the valence banghectra under FIR irradiatiosolid line), and their differences

of a GaAs layer. We use the equatifi- Eq— AE+3%we  (circle and solid ling at each CR magnetic fiel¢SampleB: Elec-
+3hw, whereE is the transition energy, is the band gap  tron density is 2.4 10'> m2.)

of GaAs, AE is the energy reduction due to the band bend-

ing, andw, ,=e€B/m, |, are the cyclotron frequency of holes ting here because of its much smaller energy separation than
and electronsm, |, are the effective masses of the electronsf w,. The upper LL’s of the ground subband, such(@d),

and holes, respectively. The heavy-hole mass of bulk GaAare obtained by adding .z w. on the(0,0) curve. For the
0.475n,, is used asn,, and 0.0681,, which is experimen- second subban@l,0) we regard the energy level as that of
tally determined from the CR conditiof6.02 T at 118.8 the bulk GaAs conduction band because the wave function
um), is used asn,. For simplicity, we neglect a spin split- spread widely into the substrate side. Therefore, the dashed

Energy (eV)
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line, (1,0), in Fig. 1 is calculated by the equatioB=E,
+3hwe+ 3hoy. Although the second subbarfd,0) is not
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sion is enhanced without FIR irradiation fer>2 and the
transfer of the recombination path frdi to E; has a small

occupied for the electron density studied here, the photogeeffect. TheE; peak intensity is rather decreased by a heating
nerated electrons make thHe, emission coming from the effect. The enhancement &f emission does not appear for
(1,0 possible. Thée; emission energy becomes smaller thany>2 even when electrons are excited above (thé) level
that of the(1,0) curve because of the exciton binding energy.by the CR absorption. In the condition in Figcg electrons
When we compare the estimated energy levels with thenly distribute to(0,0) because < 2. However, the energy of
measured ODCR signals, the following becomes clear. At0,1) does not exceed that ¢1,0), and the intensity of;
conditions(b) and (¢) in Figs. 1 and Fig. 2, the energy of emission does not increase but decreases due to the heating.
(0,1 exceeds that dfL,0). Therefore, electrons, excited from When »=1.28<2 and(0,1) exceedq1,0), i.e., the CR en-

(0,0) to (0,1) by CR absorption of FIR, relax t61,0) and

ergy (hw.) exceeds the energy separation between the

recombine with holes since the transition between electronground and the second subbanés, emission is strongly
in (1,0 and holes inL,=0 is allowed by the selection rule enhanced anB, is quenched by the CR absorption as shown

and the overlap of the wave functions is large. So e
emissions are suppressed in Figé)2and Zc) by CR ab-
sorption. The transfer of the recombination pathEgrto E;
and the enhancement of tBg emission is clear in Fig.(2);
however, it is less clear in Fig.(1d), where theE; emission

is relatively intense even without FIR irradiation because of . . ) o
Y the PL intensities due to the FIR irradiation at the CR mag-

v=1. On the other hand, the energy @1 is lower than

that of (1,0) for the condition(a) in Figs. 1 and 2. Electrons

excited from(0,0) to (0,1) relax to(0,0) and finally recom-

bine with holes without being scattered to any states. Ther
fore, the observed change in the PL intensity caused by C
absorption is a weak reduction of emission intensity both fo
theEg andE; lines. This change is usually observed for bul
GaAs and quantum wells caused by a carrier-heating effec
These characteristics were further studied by using a di
ferent sample with a higher electron density. Figuke) 3

shows the magneto-PL spectrum and Figé)-33(d) show

the PL, FIR-PL, andA spectra at each CR magnetic field.

The electron density of this sample is 22850'° m~2. For

this sample, the CR magnetic fields of each FIR line ar
slightly different from those of the low electron-density
sample because of the band nonparabolicity. The CR ma

netic field corresponds te=2.18 in Fig. 3b). Then, elec-
trons distribute t0(0,1) and are excited t¢0,2) by the CR
absorption. The energy @0,2) is higher than that of1,0),

and some electrons may relax b,0) and recombine with
holes. However, th&, emission is suppressed akg emis-

Alg 3 Ga) AS/GaAs
erpagneto—PL spectra show the well-known two main likgs

ﬁnd E, corresponding to the recombination from the ground
Iand second subbands, respectively. The PL intensiti€s, of
kand E, lines are modified by the CR absorption of FIR irra-
fiation. Whenv<2 (except justv=1) and the CR energy is
gnore than the intersubband energy separation, electrons ex-

in Fig. 3(d). This situation is the same as that in Figc)2

wherer=0.89.

IV. CONCLUSION

We measured the magneto-PL spectra and the change in

the conventional
single heterostructures.

netic fields for modulation-doped

The

cited by CR absorption from the lowest LL of the ground
subband to the next LL relax to the lowest LL of the second
subband. As a result, the luminescence from the ground sub-
band is quenched and that from the second subband is

Lgreatly enhanced. The strong ODCR effect is a great contrast

to the slight change in the PL intensity by the CR absorption
enerally observed in the ODCR experiments for quantum-
ell structures.
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