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Time-resolved photoluminescence of a two-dimensional hole system in the extreme quantum limit
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We report time-resolved and continuous-wave magnetoluminescence measurements on a two-dimensional
hole system in a GaAs/Al,Ga;_,As quantum well. The dominant spectral emission line in the absence of
magnetic field and at high Landau-level filling factor v has a short recombination lifetime, characteristic of
extended hole states. Two additional lines appearing at v<3 have long lifetimes, signaling the recombination
of localized holes. The fraction of localized holes abruptly increases below v=3.

Recently, magneto-optical studies of the correlated states
of GaAs/Al,Ga;_,As two-dimensional electron systems
(2DES’s) in the extreme magnetic quantum limit (Landau-
level filling factor v»<<1) have attracted considerable
interest.'~® Recombination of electrons with free holes and
with holes bound to acceptors has been investigated. These
studies report the detection of both the fractional quantum
Hall (FQH) state and a localized state of the 2DES which
was interpreted as a Wigner solid. The condensation of 2D
electrons into FQH liquid states at particular fractional fill-
ings causes a shift of the photoluminescence (PL) line posi-
tion and a variation of the PL intensity.!™> At very low fill-
ings (v=<3:) new emission lines are observed in the PL
spectra and are interpreted as manifestations of the electron
solid.*®

In addition to investigations of the quasiequilibrium
characteristics of 2DES’s in continuous-wave (cw) photo-
luminescence experiments, time-resolved measurements
have been carried out on quantum wells (QW’s) and
heterojunctions.®~® For electron recombination with itinerant
holes, PL lines with considerably different decay times were
observed at low filling factors; the lines with long lifetimes
were related to the recombination of localized electrons in
the Wigner solid regime.6’7 In time-resolved measurements
of electron recombination with holes bound to acceptors, a
local electron configuration consistent with the Wigner solid
triangular lattice model was deduced.®

Recent improvements in sample quality have also allowed
studies of GaAs/Al,Ga; _,As 2D hole systems (2DHS’s) in
the extreme quantum limit. In contrast to the 2DES’s, how-
ever, only a few cw photoluminescence experiments on
2DHS’s have been reported up to now.” ! In a study of a
2DHS confined in a 200 A GaAs/Al Ga, _ As QW,’ new PL
lines were observed near and below v=1. In analogy to the
PL measurements on 2DES’s, these lines were tentatively
attributed to the recombination of localized holes. In the
present paper we report time-resolved PL measurements on a
2DHS in the extreme quantum limit. The results allow us to
distinguish between the recombination of localized and ex-
tended hole states, and confirm the PL line assignments made
in Ref. 9.
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GaAs/Aly 3Gag,As QW structures with well widths of 200
A were grown by molecular beam epitaxy on undoped GaAs
(311)A substrates and modulation doped with Si, which is
incorporated as an acceptor on the (311)A surface. We etched
a Hall bridge mesa on the samples, alloyed contacts to the
2DHS, and performed simultaneous magnetotransport and
PL measurements. Care was exercised to ensure that the laser
excitation spot illuminated the entire active region of the
Hall bridge. When cooled in the dark, the hole density and
mobility (determined from diagonal resistivity p,, oscilla-
tions and the Hall resistivity) were p=2.1X 10" cm™? and
#=6X10° cm?/V's for sample I, and p=1.3x10"" cm™?
and w=7x10° cm?/Vs for sample II. Photoexcitation
caused a reduction in the hole density. Once this lower den-
sity was reached, it remained fixed independent of the pho-
toexcitation power.

Sample I was mounted in the mixing chamber of a
3He/*He dilution refrigerator with a base temperature of
=40 mK. Under illumination, the temperature of the mixing
chamber, T,y , rises to =60 mK. In the time-resolved PL
measurements, photoexcitation consisted of pulses from a
dye laser (wavelength ~600 nm) with a 1 ps duration, aver-
age power density of 107°-10"* W/cm?, and a repetition
frequency of 4 MHz. The PL signal was detected by a time-
correlated photon counting system with a time resolution of
270 ps. For photoexcitation in the cw PL measurements we
used a He-Ne laser (wavelength ~633 nm) with a power
density of 107°~10"* W/cm?. The PL signal was detected
by a charge coupled device camera.

The cw PL spectra of the 2DHS (sample I) at Ty~ 60
mK and magnetic fields B=6-16 T are shown in Fig. 1 in
steps of 0.2 T. The measured density during and after the
illumination is p=6.2X10' cm™2. At low magnetic fields
(B<8 T) only one emission line (A) with linewidth ~0.7
meV dominates the spectra. At high magnetic fields (B=8 T,
v<3) two new lines S and X appear in the spectra at ~ 0.6
and ~ 3.8 meV below line A, respectively. The data of Fig.
1 are essentially the same as those of Ref. 9 except that at the
much lower temperature of the present experiments the in-
tensity of line A is quite weak at low v. As in Ref. 9, to
separate the S and A lines, the spectra were approximated by
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FIG. 1. cw photoluminescence spectra of sample I, with density
(under photoexcitation) p=6.2%X10'° cm~2, at T\,,=60 mK and
for magnetic fields B=0-16 T in 0.2 T steps. The low energy parts
of the spectra are multiplied by a factor of 10 to show the appear-
ance of line X. Inset shows the ratios of the line intensities.

two Gaussians. With increasing magnetic field or decreasing
temperature, the intensities of the S and X lines increase,
while the intensity of line A decreases (Figs. 1 and 2). Fi-
nally, between lines X and S we observe an additional weak
line whose intensity is nearly independent of magnetic field
and temperature. The presence of this line, although not em-
phasized, is also apparent in the data of Ref. 9 (see Fig. 3 of
Ref. 9)."?

To verify that all these lines originate from the recombi-
nation of 2D holes in the QW with photoexcited electrons,
we measured the PL spectra for the bulk GaAs substrate!® in
our structures by moving the laser excitation spot off of the
Hall bar mesa. Such spectra show PL lines whose B=0 en-
ergy positions (1512.5 meV and 1515.2 meV) as well as B
dependence are consistent with emission from the bulk free
and bound excitons.'* On the other hand, the positions of the
X, S, and A lines are different from these bulk lines and,
moreover, are sensitive to changes in the confinement poten-
tial. For example, reducing the 2D hole density in a given
sample results in a downshift of the positions of lines X, S,
and A%

Based on the observations summarized in the previous
two paragraphs, Butov et al.® assigned line A to the recom-
bination of extended hole states and lines S and X to the
recombination of the localized holes with the photoexcited
electrons. It was also proposed that line X corresponds to the
recombination of a complex composed of two localized
holes and one electron. Before presenting the time-resolved
data, which are consistent with these assignments, we will
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FIG. 2. cw photoluminescence spectra of sample II, with density
(under photoexcitation) p=7.1X 10" cm™2, at T=350 mK and 4.6
K. Upper (lower) part of the figure shows the spectra at B = 7 T
(14 T).

briefly summarize the results of other recent cw PL studies of
GaAs/Al,Ga; _,As 2DHS’s and compare them to ours. In a
PL study of a 2DHS (with similar density p=6Xx10!°
cm™2) confined in a 150 A wide QW, a new low energy PL
line was reported at high magnetic fields (v<3).!! The quali-
tative characteristics of this line are similar to that of line S
in our structure. However no analog of the X line was ob-
served. The observation of the X line in the wider QW used
in our study is consistent with the assignment of this line to
the emission from an exciton-plus-hole complex:® the carrier
lifetime is longer in a wider QW thus favoring the complex
formation. In a PL study of a more dilute 2DHS
(p=2.7%10' cm~2) confined in a 300 A wide QW, a line
at ~2 meV below the main PL line was observed.'® How-
ever, in view of the presence of a thick GaAs layer in their
structure, this line was associated with the bulk free
excitons.'?

Our time-resolved PL spectra are shown in Fig. 3 for
B=7 and 16 T. These data reveal the characteristic features
of the PL spectra time evolution for v>3 and v<<i. The
spectra were integrated within the time intervals denoted by
1,2,3, ... and separated by dotted lines in the upper insets of
Fig. 3; these insets present the spectrally integrated decay
curves. All the PL spectra shown in Fig. 3 are normalized to
have equal integrated intensities. At B=7 T, line A domi-
nates the PL spectra. Both its energy position and line shape
are nearly unchanged with time and are close to those in the
cw spectrum. This observation points to the rapid cooling
rate of the photoexcited electrons. We believe that the ther-
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FIG. 3. Time-resolved PL spectra of sample I at B=7 and 16 T.
The spectra are integrated within the time intervals denoted by
1,2,3, ... and separated by dotted lines in the upper insets of the
figure; these inserts present the spectrally integrated decay curves.
All the spectra are normalized to have equal integrated intensities.
cw PL spectra are also shown. Lower inset on the right presents the
PL decay curves at the energies of lines S, X, and A.
malized photoexcited electrons with density ~10% cm™2
(corresponding to our excitation density) are localized.'®

We observe a more complicated time evolution of the PL
spectrum at B=16 T compared to the 7 T data. At time
t~2 ns (curve 1) a broad PL line is seen in the high energy
part of the spectrum (throughout the paper we take the time
origin £=0 to correspond to the beginning of the laser pulse).
The relative intensity of the high energy edge of this broad
line, which corresponds to the A line position,9 decreases
with time and, for £=6 ns, we observe a symmetric line with
a linewidth of ~1 meV (curves 5-7) whose energy position
coincides with that of line S in the cw spectrum. The mea-
sured PL decay curves at the energies of lines S, X, and A
are presented in the lower inset of Fig. 3. The decay times of
the S and X lines are equal, and much longer than that of line
A. At 16 T the initial decay times are 75xy~2 ns and
74~0.5 ns. We observe a short decay time for line A in the
whole range (B=0-16 T) of magnetic fields studied (com-
pare the 7 T and 16 T decay curves of the A line in Fig. 3).
The S and X lines, on the other hand, have long decay times
in the entire field range where they are observed (v=3).

Emission kinetics provides an opportunity to distinguish
between the recombination of extended and localized hole
states. For extended hole states the average overlap between
the localized electron and hole wave functions (in the plane)
is larger than that for localized hole states, implying a shorter
recombination lifetime for the former.5'” The short lifetime
of line A strongly suggests that it corresponds to extended
hole recombination. The S and X lines with a long decay
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FIG. 4. Magnetic field dependence of (a) the resistivity p,, after
cooling in the dark (lower trace) and under photoexcitation (upper
trace); (b) PL intensity integrated over energy and over the time
interval t=5-30 ns; (c) PL intensity integrated over energy and
over all time. The data in (b) are normalized to the total intensity
shown in (c), and thus represent the relative fraction of the long-
time recombination.

time, on the other hand, correspond to localized hole recom-
bination.

The different recombination decay times of the extended
and localized states can be used to temporally separate their
emissions. Because of their short decay time, the extended
states essentially contribute to the integrated intensity only at
the initial stage of the recombination process, while at long
times the localized states dominate the recombination. Thus
the relative fraction of the localized hole states can be de-
duced from the integrated intensity of the long-time recom-
bination. The magnetic field dependence of the latter is pre-
sented in Fig. 4(b) which shows the PL intensity integrated
over energy and over the time interval t=5-30 ns. The data
are normalized to the total PL intensity, integrated over en-
ergy and over all time, itself shown in Fig. 4(c). At low
magnetic fields B=<7 T the fraction of the hole states with
long decay time depends only weakly on B while at B=7 T
it abruptly increases [Fig. 4(b)]. The changes of the decay
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time are mainly caused by changes of the rate of radiative
recombination as the energy and time integrated PL intensity
is nearly independent of B [Fig. 4(c)].

The time-resolved PL data reveal that the number of lo-
calized holes increases abruptly above a magnetic field
which corresponds to v=3 The cw data are in agreement
with this observation (Fig. 1). Assuming that the I/, ratio
is approximately proportional to the area covered by the lo-
calized states, we note in the inset of Fig. 1 that this ratio
starts to grow at B=8 T (v=<3). The ratio Iy/I also grows
above ~8 T. This is consistent with the conjecture® that the
X line corresponds to the recombination of a complex com-
posed of two localized holes and one electron: with increas-
ing B, the probability of complex formation is enhanced be-
cause the area covered by localized states grows and, in
addition, because the empty space between holes grows as
well (reduction of the screening of the complex by holes).

The magnetic-field-induced localization of 2D holes can
be caused either by random potential fluctuations or by the
formation of a pinned hole Wigner solid. Our experiment
does not allow us to distinguish between these two possibili-
ties. The filling factor v=3 below which we observe an
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abrupt growth of the sample area covered by localized holes
is consistent with the filling factor around which an insulat-
ing phase is observed in magnetotransport experiments;'81°
it is also close to the theoretically expected critical v for the
formation of a 2D hole Wigner solid state.?’

In conclusion, we have performed time-resolved and cw
PL experiments on a high quality 2DHS in the extreme quan-
tum limit. On the basis of different decay kinetics, the re-
combination of extended and localized states is identified.
The fraction of localized hole states is found to increase
markedly at v=~3}, consistent with the results of transport

experiments.'®

We thank G. Abstreiter, I. V. Kukushkin, and A. Zrenner
for helpful discussions. The work in Chernogolovka was
supported by the Soros Foundation (Grant No. NKT000) and
the Dutch NWO Organization (Grant No. 713-112). The
work at Princeton University was supported by the National
Science Foundation and the State of New Jersey through the
Advanced Technology Center for Photonics and Optoelec-
tronic Materials. H.C.M. thanks the Fannie and John Hertz
Foundation for generous financial support.

LA. J. Turberfield, S. R. Haynes, P. A. Wright, R. A. Ford, R. G.
Clark, J. F. Ryan, J. J. Harris, and C. T. Foxon, Phys. Rev. Lett.
65, 637 (1990).

’B. B. Goldberg, D. Heiman, A. Pinczuk, L. Pfeiffer, and K. West,
Phys. Rev. Lett. 65, 641 (1990).

3H. Buhmann, W. Joss, K. von Klitzing, I. V. Kukushkin, G. Mar-
tinez, A. S. Plaut, K. Ploog, and V. B. Timofeev, Phys. Rev. Lett.
65, 1056 (1990); 1. V. Kukushkin, R. J. Haug, K. von Klitzing,
and K. Ploog, ibid. 72, 736 (1994).

“H. Buhmann, W. Joss, K. von Klitzing, I. V. Kukushkin, G. Mar-
tinez, A. S. Plaut, K. Ploog, and V. B. Timofeev, Phys. Rev. Lett.
66, 926 (1991).

SE. M. Goldys, S. A. Brown, R. B. Dunford, A. G. Davies, R.
Newbury, R. G. Clark, P. E. Simmonds, J. J. Harris, and C. T.
Foxon, Phys. Rev. B 46, 7957 (1992).

6S. A. Brown, A. G. Davies, A. C. Lindsey, R. B. Dunford, R. G.
Clark, P. E. Simmonds, H. H. Voss, J. J. Harris, and C. T. Foxon,
Surf. Sci. 305, 42 (1994).

"D. Heiman, A. Pinczuk, M. Dahl, B. S. Dennis, L. N. Pfeiffer, and
K. W. West, Surf. Sci. 305, 50 (1994).

L V. Kukushkin, V. I. Fal’ko, R. J. Haug, K. von Klitzing, K.
Eberl, and K. Totemayer, Phys. Rev. Lett. 72, 3594 (1994).

L. V. Butov, A. Zrenner, M. Shayegan, G. Abstreiter, and H. C.
Manoharan, Phys. Rev. B 49, 14 054 (1994).

10 A. G. Davies, E. E. Mitchell, R. G. Clark, P. E. Simmonds, D. A.
Ritchie, M. Y. Simmons, M. Pepper, and G. A. C. Jones, in High
Magnetic Fields in Semiconductor Physics, edited by D. Heiman
(World Scientific, Singapore, in press); Phys. Rev. B 51, 7357
(1995).

Up . Rodgers, B. L. Gallagher, M. Henini, Y. Ponomarev, A.

Usher, and G. Hill, in High Magnetic Fields in Semiconductor
Physics (Ref. 10).

2We do not know the origin of this line although its relatively long
recombination lifetime suggests that it involves the recombina-
tion of localized holes.

13The structure of our 2DHS does not contain any thick GaAs
buffer layer.

1D. D. Sell, Phys. Rev. B 6, 3750 (1972); D. J. Ashen, P. J. Dean,
D. T. J. Hurle, J. B. Mullin, and A. M. White, J. Phys. Chem.
Solids 36, 1041 (1975).

15 Similar changes in the QW potential profile are also most likely
responsible for the ~ 1 meV line shifts we observe in a given
sample after different cooldown and illumination steps.

161f the photoexcited electrons were extended there would be essen-
tially no difference in the decay of localized and extended hole
states; this is not consistent with our observation of different
decay times at higher B.

17y, 1. Fal’ko, Phys. Rev. B 49, 2242 (1994).

18M. B. Santos, Y. W. Suen, M. Shayegan, Y. P. Li, L. W. Engel, and
D. C. Tsui, Phys. Rev. Lett. 68, 1188 (1992); M. B. Santos, J. Jo,
Y. W. Suen, L. W. Engel, and M. Shayegan, Phys. Rev. B 46,
1369 (1992); H. C. Manoharan and M. Shayegan, ibid. 50,
17 662 (1994).

The insulating phase near the v=} FQH liquid in the present
sample [Fig. 4(a)] is obscured because of a contact problem: at
the lowest temperatures and at magnetic fields near v=% the
Pxx signal shows a large capacitive component and is out of
phase with respect to the excitation current signal.

208, T. Chui and K. Esfarjani, Europhys. Lett. 14, 361 (1991); X.
Zhu and S. G. Louie, Phys. Rev. Lett. 70, 335 (1993); R. Price,
P. M. Platzman, and S. He, ibid. 70, 339 (1993).



