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Absorption Spectroscopy of the Continuous Transition from Low to High Electron Density
in a Single Modulation-Doped InGaAs Quantum Well
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We perform diAerential absorption spectroscopy of a single modulation-doped InGaAs quantum well
as its electron density is varied continuously from full (N = g x 10'' cm ) to empty (N =0) by a gate
electrode, allowing direct measurement of the density-dependent changes of transition energies and
strengths. We observe a progressive quenching of the optical transition at the first subband and red
shifts and broadening at higher subbands. We show that the dominant mechanisms are phase-space
filling and the quantum-confined Stark eAect. This technique also allows direct in situ measurements of
the density and temperature of the 2D electron gas in such field-eAect —transistor structures.

PACS numbers: 78.20.Dj, 73.20.Dx

Recently quantum size effects in ultrathin ( = 100 A)
semiconductor quantum wells (QW's) have attracted
much interest both for fundamental physics and for their
potential applications to electronics and optoelectronics. '

Undoped QW's exhibit enhanced excitonic behavior of
particular interest for optics whereas modulation-doped
(MD) QW's show very attractive electronic transport
properties. The absorption spectra of undoped III-V
semiconductor QW's show well-resolved exciton reso-
nances at the onset of each intersubband transition.
These resonances remain clearly visible even at room
temperature. In MD QW's, the occupation of the con-
duction (valence) subbands by the two-dimensional elec-
tron (hole) gas produces a blue shift of the absorption
edge similar to the Burstein-Moss effects seen in bulk
semiconductors. The intrinsic luminescence still occurs
at the fundamental gap. Recent investigations have
revealed that electron-hole correlation singularities ap-
pear near the Fermi energy Ep and that even at large
doping densities exciton resonances persist at the onset of
the high-energy intersubband transitions (n, =2). The
presence of carriers in the QW's also produces band-
gap renormalization (BGR) through correlation and ex-
change.

Up to now comparisons of the electronic structures of
the two types of QW's were made on dilferent samples,
with all the unavoidable fluctuations of parameters this
implies. There have been some attempts to change the
concentration of carriers in MD QW's by photoexcita-
tion. Such simultaneous injection of both electrons and
holes into the QW has, among other things, very dilfer-
ent electrostatic consequences from addition of electrons
alone. Furthermore, those investigations performed by
photoluminescence are limited to the energies close to
the first transition, while those using excitation spectros-
copy rely on a two-step mechanism and therefore cannot
be a basis for reliable quantitative line-shape analysis.
Absorption spectroscopy, on the other hand, gives direct
quantitative information on the intrinsic optical proper-
ties, and is therefore preferred whenever possible.

In this Letter we present the first investigation of the
changes in the intrinsic absorption which occur when the
electron concentration inside a single QW is continuous-
ly tuned between N = 0 and N =8 x 10' ' cm . We re-
port spectroscopic studies of a single Inn 53Gao47As QW
from 10 to 300 K for photon energies varying from
below the QW gap to above that of the InpspAlp4sAs
barrier material, thus covering the transitions between
the n, =1, 2, and 3 subbands. We find that at the n, =1
transition the dominant mechanism is the filling of phase
space, whereas at the n, =2 and 3 transitions we observe
electrostatic effects causing shifts and broadening of the
QW confined states. "Forbidden transitions" become
apparent at large electron densities for primarily the
same reason as in the quantum-confined Stark effect.
All the transitions are assigned by numerical self-
consistent calculations of the single-particle eigenstates.
At room temperature this assignment is checked by mea-
surement of the total absorption by photocurrent spec-
troscopy. Finally, from the differential absorption spec-
tra near n, =1 we are able to determine the temperature
and concentration of the two-dimensional (2D) electron
gas. At room temperature we find good agreement be-
tween the value of N determined from optical and from
C(V) measurements. Our results demonstrate that opti-
cal techniques can provide, in situ, direct information on
parameters of the 2D electron gas which are important
for understanding the physics of field-effect devices.

In order to probe the QW absorption directly through
transparent substrate and barrier materials, we have
chosen to investigate the lattice-matched InGaAs-QW/
InAlAs-barrier system grown on InP substrates. This
material system is particularly convenient for optical
studies, since it is grown on a large-band-gap substrate
(InP), which is transparent at the spectral range where
the InGaAs QW absorbs. The continuous control of the
electron density in the InGaAs MD QW was performed
with an electrode in the same manner as the gate in a
field-effect transistor as recently demonstrated. ' The
wafer layer structure is the same as in Ref. 10. It was
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FIG. l. (a) Structure of field-eff'ect transistor. The 100-A
In6aAs layer is undoped; the InAIAs central layer (250 4) is

doped with Si= 1.2X 10' cm . (b) Diff'erential absorption
spectra, at a lattice temperature of 10 K. Spectra 1 to 5 corre-
spond to gate-source voltage modulation between pinchoA
(V&= —0.5 V) and Vg = —0.2, —0.1, 0, +0.5, +I V, respec-
tively.

grown by molecular-beam epitaxy and the optically ac-
tive region is an undoped L, =110-A InGaAs QW. The
unprocessed wafer had a low-field mobility of
p =3.7 & 10 cm /V s and a sheet carrier density of
1.6X10' cm, both determined from Hall measure-
ments at 77 K. Field-effect transistor samples were pro-
cessed from the wafer' with source and drain electrodes
and a Schottky gate as shown schematically in Fig. 1(a).
The gate-to-source voltage value for which the QW is

just empty (pinchoff), V~, was determined by I versu-s V-
measurement to be —0.5 V. All of the experiments in

this Letter were performed with source and drain at the
same potential.

For the optical measurements, the samples were
mounted on the cold finger of a cryostat whose tempera-
ture could be tuned from 10 to 300 K. The change in

transmission of the QW channel, /5. T, was measured as a
function of the wavelength as the gate-to-source voltage

V was modulated between V& and V&+hV. For this
measurement, a weak light beam was sent from under-
neath through the transparent substrate and barrier lay-
ers, and was detected after reflection off' the 100x100-
pm Schottky gate. Thus, 6,T is the change in transmis-
sion of the probe beam after two passes through the In-
GaAs QW. In the small-signal regime our experiment
determines the differential absorption spectra (DAS):
8 T/T —(2L, )ha(6co), where

and a =g„aP„+txP„ is the absorption coefficient of
the empty QW, which comprises the excitonic (X) and
continua (C) contributions, and the sum is carried over
the heavy-hole (hh) and the light-hole (lh) series. Simi-
larly, a =g„aP +aP (1 f, ) is —the absorption
coefficient of the QW containing N electrons. For clarity
of the discussion, we distinguish in a the effect of
filling of the phase space by the electron distribution f„
which is described by I f„ from th—e envelope functions
aP and aP that include all the other changes induced
by the 2D electrons.

A set of DAS are shown in Fig. 1(b), for hV
=0.3-1.5 V. The change of the signal line shape from
purely electrostatic effects to carrier-induced eAects
confirmed accurately the pinchoA value V&= —0.5 V.
We see directly from Eq. (1) that the positive peaks of
the DAS correspond to the resonances of the empty QW,
where a & a, whereas the negative parts come from
the spectral regions where a ( a . These negative(o) (w)

parts can originate either because some transitions are
shifted or broadened by the introduction of electrons, or
because transitions forbidden in the empty QW (An, ~0)
become allowed in the presence of electrons. Further-
more, they are readily visible only at high photon energy
Atu & E~+EF (E~ and EF are the gap and Fermi ener-
gies, respectively), where the levels are not occupied by
electrons (f, « I). Thus, the DAS contain a wealth of
information on the electron distribution as well on their
effects on the QW energy levels. We demonstrate now
how this new spectroscopic tool can be exploited.

First we have checked the assignment of the positive
peaks by solving exactly the square-well eigenenergies
for the InGaAs/InA1As system including corrections for
the exciton binding energies. ' An example of the good
agreement obtained is shown in Fig. 2, where these tran-
sitions are indicated by the top arrows.

Clearly the behaviors close to the n, =1 transitions
and close to the n, =2 and 3 transitions are very differ-
ent. At the n, =1 edge, h, a is positive and increases with
N until the hh and later the lh exciton peaks appear
clearly. This behavior corresponds to the progressive
quenching of the absorption as the electrons fill up the
bottom of the first conduction subband (f, & 0), up to
the point where the total absorption of the empty QW is
fully quenched (f, = I ) and a +) = 0. ' " For the larg-
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FIG. 2. Position of the energy levels of the empty (top ar-
rows) and full (bottom arrows) QW.

est values of h, V the height of the hh and lh exciton
peaks changes no more (AT/T=4%, i.e. , Aa=2&&104
cm '); only the width of the quenched region (f, = 1)
continues to increase. At the n, =2 and 3 transitions the
signal is smaller with a "differential" line shape showing
positive and negative parts indicative of shift and
broadening (curves 1, 2, and 3). As AV increases, nega-
tive low-energy shoulders develop clearly (curves 4 and
5).

In order to understand the origin of these features we
have solved the electron and hole Schrodinger and Pois-
son equations self-consistently in our structure for each
V~

' assuming that the QW contains a density of elec-
trons determined as explained in the next paragraphs.
This provides the positions of all the single-particle levels
and therefore gives the shifts of the allowed (An, =0)
transitions, as well as the positions of those forbidden in
the empty QW that become allowed because of the field
generated by the electrons (An, &0). Both sets of transi-
tions are shown by the bottom arrows in Fig. 2. The
shoulders correspond very nicely to the now allowed
hn, = 1 and 2 hh transitions. The lh transitions shift
very little and therefore do not show up in the DAS. The
red shift of the n, =2 hh transitions originates from the
nonuniform field inside the well (a uniform field would
produce a blue shift of this transition). However, as
shown in Fig. 2, the magnitude of the calculated shift is
too small for shift alone to explain the line shape. A pos-
sible additional contribution includes broadening by col-
lisions with the 2D electron gas induced by the electro-
static field in the well. In order to check this interpreta-
tion, we have measured directly, at room temperature,
the absorption of the empty and of the filled QW using
photocurrent spectroscopy. At the n, =2 resonance we
observe, indeed, both a shift and a broadening.

It is generally dif5cult to obtain information on the 2D
electron gas inside field-eAect transistor structures. Pa-
rameters as fundamental as the electron density N are
usually evaluated indirectly from modeling of electrical
measurements such as C(V). We show now how the line
shape of the DAS at n, =1 can be exploited to determine

0---
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FIG. 3. Detail of the differential spectra line shapes close to
the n, =1 transition for the curves 3 to 5 of Fig. 1(b) and Fer-
mi distribution fitted to the high-energy tails. The temperature
and concentration determined by the method described in the
text are (3) T, =50 K, N= Sx10'o cm 2; (4) T, =80 K,
N =4 3x10" cm 2; and (5) T, =120 K, N=64x10"
cm

N and the electron temperature T, . First, we note that
the difference between the envelope functions a~„and
aP„on one hand, and a „and aP„on the other, arises
from the electrostatic field induced in the QW by the
electrons and from many-body effects: BGR and reduc-
tion of the exciton binding energy. All these effects
modify the position of the gap and the exciton oscillator
strength, '' but they are not very important in the flat
continua above the resonances. This is seen from the
rather extended regions where Aa(lrtro) =0 between the
successive resonances on the first three spectra of Fig. l.
Thus fitting of the high-energy tail of the DAS above
n, =1 by a Fermi distribution determines accurately the
electron temperature T, as well as the photon energy
hroF=E~~(N) +(m, /m)EF, corresponding to N elec-
trons in the conduction band, where E~~ is the new gap,
and m„m are the electron and the reduced electron-hole
mass. ' In Fig. 3 we show a set of DAS blown up in this
region of the spectrum, together with the fitted Fermi
distributions. The two parameters Acus and T, act al-
most independently on the position and shape of f„ thus
giving easy and unique fits. We find that T, =50 K as
long as the Schottky diode is reverse biased and the leak-
age current across remains moderate (curves 1 to 3), but
T, increases more quickly when the conditions for for-
ward bias are approached. It reaches 80 and 120 K for
the last two curves and can get even higher for very large
AV. Heating of the lattice is easily ruled out from the
position of the front edge of Aa which does not change.
The heating of the 2D electron gas well above the lattice
temperature is in good agreement with the energy-loss
rate per carrier in our QW material deduced from the
gate-source leakage current. '

To relate the electron density in the QW to 6coF we
need to know the position of the new gap, E ~ ~ (N )

1359



VOLUME 59, NUMBER 12 PHYSICAL REVIEW LETTERS 21 SEPTEMBER 1987

~Es +BGtt. The electrostatic correction hqs
is readily given by the self-consistent calculation of the
shift of the single-particle states. It is much more
difficult to account for the many-body eA'ects. Numeri-
cal calculations of the correlation-exchange energy in

quantum-well structures have shown that the density
dependence of the Coulomb-hole potential, which is re-
sponsible for most of the BGR at low and moderate den-

sity, is well fitted by a N' density dependence. ' ' We
have used this functional form to evaluate h, qGR and
hence to calculate N. We have first applied this pro-
cedure to the 300-K spectra for which a comparison to
C(V) measurements up to A V=0.5 V is possible. The
agreement is excellent; for example, we find that for
AV=0. 5 V, N =(3.3~0.4) &&10'' cm from the elec-
trical measurements and N =(3.2+ 0.2) &&10'' cm
from our analysis of the DAS. The weak density depen-
dence of the many-body eAects, especially when com-
pared to the width of the phase-space filling (AaoR (8
meV over the whole range of AV), explains why our ap-
proximation to account for the BGR suffices. The pa-
rameters of the fit for the spectra of Fig. 1 and the corre-
sponding values of N are given in the caption of Fig. 3
and show that large densities are reached.

In conclusion, we have presented a direct investigation
of the changes of the absorption spectrum of a single
QW caused by the progressive introduction of a 2D elec-
tron gas up to large densities. We explain the observed
diA'erential absorption spectra by the quenching of the
absorption at the fundamental gap, the shift and
broadening of the higher transitions, and the appearance
of new "forbidden" ones. We have also shown that opti-
cal techniques are able to determine the density and tem-
perature of the 2D electron gas in a single QW. Let us
note finally that the effects we have observed are large
enough to have applications for optoelectroic devices and
in optical interconnects for III-V electronics.
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