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Optical investigation of Fermi-edge singularities in AIQ 35Gao 65As/GaAs heterostructures
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Many-body effects of two-dimensional electrons in n-type modulation-doped Al„Gai-, As/GaAs het-
erostructures have been studied by photoluminescence (PL), PL excitation (PLE) spectroscopy, and

optically detected cyclotron resonance (ODCR). A Fermi-edge singularity (FES) is observed both in

PL and PLE spectra when a gate voltage is applied. Strong enhancements occur for electrons at the
Fermi edge (Er) recombining both with holes bound at acceptors and holes at the GaAs valence-band

edge. These assignments are supported by the spectral behavior of the ODCR signals. Our results
show that the FES in optical spectra due to holes in the GaAs valence band is correlated in strength
with the FES corresponding to holes bound at acceptors. The strong Fermi-edge enhancement in opti-
cal spectra in our structures is due to the presence of an unoccupied adjacent second electron subband

near the Fermi edge.

Many-body effects such as the Fermi-edge singularity
(FES) have previously been observed in PL spectra relat-
ed to the two-dimensional (2D) electron gas in narrow

In«Gai -«As/InP quantum wells (QW's), ' and in

Al„Gai -„As/GaAs modulation-doped QW's. 2 7 FES
enhancements have been observed under a number of
different conditions. ' In the In«Ga~ -«As/InP system,
the PL observation of the FES has been attributed to com-
position fluctuations in the In«Gai «As layer, causing lo-

calization of confined holes. ' The localization of holes en-

sures the k conservation in the optical transition. On the
other hand, Chen et al. ' have studied modulation-

doped QW's in both the Al„Gai, As/GaAs and

Gai —„Al„As/In«Gai-«As/GaAs systems and concluded
that the scattering between the Fermi sea and unoccupied
adjacent electron subbands is responsible for the optical
observation of the FES. The nearly resonant adjacent
subband allows an efficient scattering path near k =0 for
electrons at the Fermi edge EF. Wagner, Ruiz, and

Ploog studied p-type GaAs/Al„Gai, As QW's and con-
cluded that the observation of the FES is due to weakly lo-

calized electrons. To the best of our knowledge, there has

been no report on the experimental observation of FES re-

lated to impurities up to now.

Recently, radiative recombination related to the 2D
electron gas in Al„Gai, As/GaAs modulation-doped het-
erostructures has been reported. ' In this Rapid Com-
munication, we present a detailed optical investigation of
many-body effects in a 500-A asymmetric modulation-
doped Al Gai —„As/GaAs heterostructure with a design
similar to a high-electron-mobility transistor (HEMT),
with an external electric field as a perturbation. Strong
FES enhancements related to both holes bound at accep-
tors and holes in the valence band (VB) are observed.

The sample (HEM-1) used in this study is grown by
molecular-beain epitaxy (MBE) on a semi-insulating
GaAs substrate, followed by a 10-period A1As/GaAs su-

perlattice (SL), an undoped 50-nm GaAs layer, a 20-nm

undoped Alo356ao. ssAs spacer layer, an 80-nm Si doped
(10 cm ) Alp 356atissAs layer, and finally a 5-nm

GaAs cap layer. The two-dimensional electrons are
confined in the notch potential at the interface between
the undoped GaAs and the Alp 356ans5As spacer layer. A
semitransparent metal gate consisting of 1-nm Cr and 5-
nm Au was evaporated on top of the GaAs cap layer. To
apply the electric field perpendicular to the interface be-
tween the GaAs and the Al„Ga~-„As layer, thin electri-
cal wires were contacted on the metal gate and the GaAs
substrate. In order to get a good bonding contact, 40-nm
Au was used at the contact point on top of the semi-

transparent metal gate. The sample temperature could be
continuously regulated down to 2.0 K. For the photo-
luminescence excitation (PLE) measurements, a tunable
sapphire:Ti solid state laser was used as the excitation
source. A double-grating monochromator and a GaAs
photomultiplier were used to disperse and detect the PL
signals. Optically detected cyclotron resonance (ODCR)
experiments were carried out in a modified Bruker L-band
electron-spin resonance spectrometer, equipped with a mi-

crowave cavity with optical access in a11 directions. '

Figure 1(a) shows PL spectra of the heterostructure at
zero field with an excitation wavelength of 5145 A at vari-

ous excitation intensities. The energy positions of the
transitions HB1 and HB2 (HB denotes H band) are found

to be strongly dependent on the excitation intensity [Fig.
1(a)], since the potential across the active GaAs layer is

dependent on the excitation intensity. The HB1 peak is

interpreted as the recombination between electrons in the

first subband and holes in the valence band, and HB2 as

the corresponding recombination between the 2D elec-

trons in the first subband and holes bound at acceptors in

the active GaAs layer. A detailed study of the H81 and

HB2 transitions can be found in Refs. 12 and 14.
To modify the potential at the interface, a gate voltage

was applied perpendicular to the growth direction. With
negative gate voltages, the band bending across the active
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FIG. 2. PL spectra of HEM-1 measured at 2.0 K with

different gate voltages. The excitation wavelength is 7900 A.
The free to bound (FB) and DAP emissions originate from the

GaAs substrate. The spectra show clearly the varying intensity

ratio between the HB1, F1, and n 2 exciton emissions as the
Fermi level is altered by the applied field.
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FIG. 1. PL spectra of HEM-1 measured at 2.0 K with

different excitation intensities at (a) 0.0 V and (b) —3.0 V. The
excitation wavelength is 5145 A. The donor-acceptor pair
(DAP) emission originates from the GaAs substrate.

GaAs layer is reduced, and the corresponding electron
confinement in the notch potential decreases. Figure 1(b)
shows the spectral changes at —3 V gate voltage with exci-
tation conditions exactly as in Fig. 1(a). Comparing Figs.
1(a) and 1(b) we see that two new emissions, labeled F 1

and F2, appear when the gate voltage is applied at high
excitation intensity. To clearly demonstrate the influence
of the gate voltage on the PL spectrum, Fig. 2 shows PL
spectra with diff'erent applied electric fields. The HB1
transition shifts towards higher energy with increasing
negative bias, " corresponding to the change in subband
energy with the potential change. The intensities of the
new emissions F 1 and F2 with energy positions of 1.515
and 1.496 eV, respectively, increase with increasing nega-
tive gate voltage within a certain voltage region. At fur-
ther increased negative gate voltages, the excitons related
to the n=2 electron subband start to gain intensity to
finally dominate the spectra (the top spectrum in Fig. 2).

Figure 3 shows the PLE spectra with detection at or
close to the maximum of the HBl emission. Two transi-
tions related to the n 2 electron subband are labeled E'
and E" in Fig. 3. ' The transition F 1 observed in PL [see
Figs. 1(b) and 2] appears also in the PLE spectra. The
F 1 transition oscillator strength is found to increase with

increasing gate voltage, similar to its behavior in PL spec-
tra. To prove that the F1 emission originates from the ac-
tive layer and not from the substrate, ODCR measure-
ments of the F 1 transition have been performed with

varying angle (p) between the applied magnetic field and
the sample growth direction. The cyclotron resonance
peak clearly shifts towards higher magnetic fields, when

the angle p increases, with a cos(p) dependence. This16

fact demonstrates the 2D character for the F 1 emission.
The ODCR spectra for the peaks HB1 and F2 exhibit a
similar 2D behavior.

To interpret the novel F 1 transition at 1.515 eVA as
the FES related to n 1 subband electrons and holes in

the GaAs valence band, we first have to rule out alterna-
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FIG. 3. PLE spectra of HEM-1 measured at 2.0 K with
different gate voltages. The detection is set to a wavelength at
or close to maximum intensity of HB1.
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tive explanations: (1) The possibility of the free exciton in

the bulk GaAs substrate can be excluded, since the
ODCR of the F 1 (and F2, HB1) emission shows 2D char-
acter. (2) The possibility of transitions related to
different excited subbands can be ruled out purely from
energy considerations. The observed energy separation
between the F 1 peak and the n =2 related E' peak (about
3 meV) is significantly less than expected for, e.g., the en-

ergy separation between the n 2 and n =3 states. The
band structure of the heterojunction was calculated self-
consistently to solve the Schrodinger equation (within the
effective-mass approximation) and the Poisson equation.
The exciton effects (within the single-particle approxima-
tion) were taken into account. The results show that the
energy separation between the n =2 and n =3 electron
subbands is larger than 9 meV in this structure. The pos-
sibility of F 1 being related to any higher electron subband
is therefore excluded. So we are left with the FES alter-
native. In previous studies of a one-side-doped 200-A
AI„Ga~- As/GaAs QW by Chen et al. , they concluded
that when the separation between the Fermi energy and
the unoccupied second electron subband is less than 5

meV, Fermi-edge enhancements in optical spectra occur
because the nearly resonant adjacent subband allows an
efficient scattering path near k =0 for electrons at the
Fermi energy, thereby significantly increasing the optical
oscillator strength for the correlated e-h pairs. According
to the theoretical calculation by Mueller, ' the Fermi-
edge enhancements depend on the following: (1) the ener-

gy separation between the Fermi energy and the adjacent
unoccupied electron subband; (2) the oscillator strength
for optical transitions between 2D electrons and VB holes;
(3) the Coulomb matrix element for electron-hole scatter-
ing between the occupied and adjacent unoccupied elec-
tron subbands. In our measurements, the separation be-
tween Fermi level and the second unoccupied electron
subband can be reduced by the applied negative electric
field, which in turn gives rise to an increased electron-hole
scattering. Also the optical transition oscillator strength
between electrons and holes will increase due to the re-

duced band bending across the active GaAs layer. These
effects will result in an enhanced probability for the FES
transition.

The second interesting feature is the F2 transition at
1.496 eV [Figs. 1(b) and 2]. Its intensity correlates with

the F1 emission. %e believe that the most plausible can-
didate would be a correspondence to the FES (Fl) at
1.515 eV, but the hole in this case originates from an ac-
ceptor in the active GaAs layer. (The 500-A active GaAs
layer is known to contain about 1x10' cm residual C
acceptors. ) Its properties are then similar to HB2, '

which is due to the transition between a hole bound at an

acceptor and an electron in the first electron subband.
The separation between the F 1 and the F2 band is about
19 meV, i.e., similar to the separation between HB1 and

HB2. The proposed interpretation of the F2 peak is also
consistent with the 2D character evidenced in the ODCR
experiments. An important consequence of this observa-
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FIG. 4. The temperature dependences of the PL spectra mea-
sured on the HEM-1 sample at a gate voltage of —2.5 V. The
emissions from bulk GaAs are much weaker above 10 K, so that
emissions related to the 2D electron dominate the PL spectra.

tion is that the hole localization cannot be the major fac-
tor for the optical observation of the FES, since the hole
bound at acceptors and holes in the valence bands have
very different degrees of localization. The FES related to
holes in the VB or at acceptors should have a very
different behavior, in particular as a function of tempera-
ture, if hole localization is mainly responsible for the opti-
cal observation of the FES. Our experimental results
show that the two observed enhancements are correlated
to each other. This fact indicates that the presence of an
unoccupied electron subband near the Fermi edge is the
main reason for the strong FES effects in optical spectra
in this case.

The temperature dependences of the PL spectra are
shown in Fig. 4. Both F 1 and F2 emission intensities de-
crease faster than the HB1 intensity with increasing tem-
perature. The intensity of the F2 peak clearly correlates
with the intensity of the F1 peak. This fact is again con-
sistent with the interpretation of the Fl and F2 peaks as
being FES emissions. The fact that both PL bands F 1

and F2 show similar ODCR spectra (negative peaks due
to impact processes)' is also a strong support for this in-

terpretation.
In summary we have presented an optical study of n-

modulation-doped Al„Ga~ -„As/GaAs heterostructures.
Strong FES peaks related to both holes in the valence
band and holes bound at acceptors are observed with ap-
plied gate voltages. The results indicate that the main
reason for the observation of the FES in optical spectra is
not the hole localization, rather the presence of an unoc-
cupied adjacent electron subbands close to the Fermi
edge, i.e., the nearly resonant adjacent subband allows an
eScient scattering path near k =0 for electrons at the
Fermi edge EF in the context of electron-hole correlation.



OPTICAL INVESTIGATION OF FERMI-EDGE. . . 4355

'M. S. Skolnick, J. M. Rorison, K. J. Nash, D. J. Mowbray, P.
R. Tapster, S. J. Bass, and A. D. Pitt, Phys. Rev. Lett. 5$,
2130 (1987).

~W. Chen, M. Fritze, A. V. Nurmikko, M. Hong, and L. L.
Chang, Phys. Rev. B 43, 14738 (1991).

J. S. Lee, Y. Iwasa, and N. Miura, Semicond. Sci. Technol. 2,
675 (1987).

sP. Hawrylak, Phys. Rev. B 44, 11 236 (1991);44, 6262 (1991).
5J. Wagner, A. Ruiz, and K. Ploog, Phys. Rev. B 43, 12134

(1991).
H. Kalt, K. Leo, R. Cingolani, and K. Ploog, Phys. Rev. B 40,

12017 (1989).
~G. Livescu, D. A. B. Miller, D. S. Chemla, M. Ramaswamy, T.

Y. Chang, N. Sauer, A. C. Gossard, and J. H. English, IEEE
J. Quantum Electron. 24, 1677 (1988).

W. Chen, M. Fritze, A. V. Nurmikko, D. Achley, C. Colvard,
and H. Lee, Phys. Rev. Lett. 64, 2434 (1990).

9Y. R. Yuan, M. A. A. Pudensi, C. A. Uawter, and J. L. Merz,
J. Appl. Phys. 5$, 397 (1985).

' I. U. Kukushkin, K. U. Klitzing, and K. Ploog, Phys. Rev. B
37, 8509 (1988).

"Q. X. Zhao, P. Bergman, P. O. Holtz, B. Monemar, C. Hallin,

M. Sundaram, J. L. Merz, and A. C. Gossard, Mater. Res.
Soc. Symp. Proc. 163, 337 (1989); Q. X. Zhao, J. P. Berg-
man, P. O. Holtz, B. Monemar, K. Ensslin, M. Sundaram, J.
L. Merz, and A. C. Gossard, Superlattices Microstruct. 9, 161
(1991).

'ZQ. X. Zhao, P. Bergman, P. O. Holtz, B. Monemar, C. Hallin,

M. Sundaram, J. L. Merz, and A. C. Gossard, Semicond. Sci.
Technol. 5, 884 (1990).

'3Q. X. Zhao, Y. Fu, P. O. Holtz, B. Monemar, P. J. Bergman,
K. A. Chao, M. Sundaram, J. L. Merz, and A. C. Gossard,
Phys. Rev. B 43, 5035 (1991).

~sJ. P. Bergman, Q. X. Zhao, P. O. Holtz, B. Monemar, M.
Sundaram, J. L. Merz, and A. C. Gossard, Phys. Rev. B 43,
4771 (1991).

'sW. M. Chen, B. Monemar, Q. X. Zhao, P. O. Holtz, M. Sun-

daram, J. L. Merz, and A. C. Gossard, Surf. Sci. 229, 484
(1990).

'sE. Sorman, Q. X. Zhao, P. O. Holtz, B. Monemar, W. M.
Chen, M. Sundaram, J. L. Merz, and A. C. Gossard (unpub-
lished).

'7J. F. Mueller, Phys. Rev. B 42, 11 189 (1990).


