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Abstract—We present experimental and theoretical investigations of
the absorption in a single modulation-doped quantum well (QW) used
as conducting channel of a field-effect transistor. By applying a voltage
to the gate, the electron concentration can be varied between 0 and
~10"? ecm™%. We can thus follow optically the continnous transition
from an undoped to a highly doped QW. We observe effects of band
filling and renormalized at the first subband edge and electrostatic
effects at the higher ones. We show that optical techniques can give in
situ information on the electron density and temperature as well as on
the electrostatic fields inside field-effect structures. Finally, since the
quenching of the absorption can be total, we comment on the potential
applications of this effect to high-speed modulators and optical inter-
connects for III-V electronics.

I. INTRODUCTION

ECENTLY, the nonlinear optical properties of un-
doped semiconductor quantum well structures
(QWS’s) have attracted much attention because of their
potential applications in optoelectronics. Indeed, large
changes in the absorption coefficient and refractive index
of undoped QWS’s have been demonstrated at room tem-
perature, either by photoexcitation [1] or by application
of electrostatic field (parallel or perpendicular to the plane
of the quantum well) [2], [3]. These unusual properties
are due to quantum size effects, which produce major
modifications of the near-bandgap interaction of light with
ultrathin semiconductor layers. In this region, the linear
as well as the nonlinear optical properties of QWS’s are
significantly different from those of the bulk parent ma-
terials. First, the linear absorption spectrum is modified
by the confinement of electrons and holes (e-h) in the QW.
The quantization of the motion of the carriers perpendic-
ular to the layer produces a series of two-dimensional
(2-D) subbands (customarily labeled by a quantum num-
ber n,). Consequently, the joint density of states that gov-
erns the optical transitions has a step-like structure. Fur-
thermore, by artificially reducing the e-h average
distance, the confinement reinforces their interaction,
“hence giving more tightly bound excitons. This results in
strong excitonic resonances at the onset of each intersub-
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band transition [4]. These excitons remain well resolved
even at room temperature [5]-[7]. The mechanisms gov-
erning nonlinear effects due to photocarriers in QW’s are
also different from the corresponding ones in bulk mate-
rials. The reduced dimensionality diminishes the effi-
ciency of the long-range direct Coulomb screening of the
e-h interaction. The presence of an e-h plasma in the QW
only affects the excitons through the short-range phase-
space filling (PSF) and Coulomb exchange interaction,
both of which are consequences of the exclusion principle
[8]. Electroabsorption in the QWS is especially unusual
when the electric field is directed perpendicular to the lay-
ers. Since the height of the potential discontinuities be-
tween the QW and the surrounding material can be more
than one order of magnitude larger than the depth of the
e-h Coulomb well, large electric fields can be applied
perpendicular to the QW, inducing large Stark shifts of
the exciton resonances without significant field ionization
[2], [3]. This effect is known as the quantum confined
Stark effect (QCSE). It depends critically on the thickness
L, of the QW and continuously transforms into the normal
Franz-Keldysh effect when L, becomes much larger than
the bulk-exciton Bohr radius a, [9],

Modulation-doped (MD) QW'’s [10] have been exten-
sively studied in electronic transport [11] and magneto-
transport [12] owing to their extremely high mobilities.
The MD-QW'’s are fabricated by introducing the doping
impurities in the barrier layers during the growth, hence
spatially separating them from the mobile carriers, which
fall in the lower-gap QW. Until recently, the optical prop-
erties of MD-QW’s have been investigated less inten-
sively, although they are extremely interesting in their
own right. The most striking features of the absorption
and emission behavior are the following. The occupation
of the conduction (valence) subbands by the 2-D electron
(hole) gas produces a blue shift of the absorption edge
similar to the Burstein-Moss effect seen in bulk materials.
However, exciton resonances are found to persist at the
onset of the high-energy intersubband transitions (n,=2,
3), despite the very large carrier concentration within the
QW. Nevertheless, the carriers introduced by the modu-
lation doping can participate in luminescence, which thus
still starts at the n, = 1 intersubband gap [13]. In addi-
tion, the presence of a Fermi sea produces several inter-
esting many-body effects in the optical response of MD-
QWS’s. For example, the bandgap is renormalized so that
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the n, = 1 luminescence edge is red shifted [14], [15].
The luminescence in n-type MD-QWS’s exhibits yet an-
other many-body effect, seen in the polarization charac-
teristics of the emission spectra. It is found that the heavy-
hole (hh) (M, = +3/2) subband is significantly mixed
with the light-hole (Ih) (M, = +1 /2) subband, even at k
= 0 [16], [17]. This mixing is induced by a ‘‘shakeup”’
of the Fermi sea, analogous to that observed in X-ray
emission [18]. As a consequence of the correlation be-
tween the whole Fermi sea and the hole, singularities ap-
pear near the Fermi energy Ep, producing a strong en-
hancement of the optical transitions in the vicinity of this
energy [19]. They have been observed in luminescence
(to a localized hole state) [20] and directly in absorption
as well [13], [21].

It is clear from the above discussion that it would be
very interesting to be able to drive electrons in and out of
a QW in a controlled manner. From a fundamental point
of view, this would enable us to investigate the modifi-
cation of the optical properties brought about by the pres-
ence of carriers. It would thus be possible to compare di-
rectly the electronic structures of the two types of QW’s,
while avoiding all the parameter fluctuations that arise
when comparing different samples. Furthermore, we can
anticipate that large changes in the absorption will occur,
especially close to the gap. These could be exploited for
application to optoelectronic devices. We have recently
shown that it is indeed possible to achieve such control,
electrically, in field-effect (FE) QWS’s [22], [23]. In such
structures, a gate electrode is placed above the MD-QW,
and the carrier concentration in the well is changed by
application of voltage to the gate, thus varying the width
of the depletion layer beneath it. Using this technique, it
is possible to follow optically, through the changes in the
absorption spectrum, the continuous transition from an
undoped QW to a highly doped MD-QW.

In this paper, we review our investigations of the opti-
cal properties of FE-QWS’s [22], [23]. We have found
that optical absorption spectroscopy techniques provide
direct in situ information on the electronic structure of the
QW as well as on thermodynamic parameters of the 2-D
electron gas. Both types of information are important for
understanding the physics of FE devices. The changes in
the optical parameters are very large and can be used for
efficient intensity and/or phase modulation of the light
passing through the FE-QWS. Finally, since the optical
parameters measure directly the concentration of carriers
in the FE-QWS, they can be used to read optically the
logic state of field-effect transistors (FET’s), in which the
conducting channel is a QW. This effect has potential ap-
plications for optical interconnections of III-V electron-
ics. Control of the carrier concentration using this tech-
nique has recently been used in GaAs FE-QWS to
investigate the density dependence of emission character-
istics [24], [25].

The paper is organized as follows. In Section II, we
give a quantitative discussion of the absorption spectra of
undoped and MD-QW’s and briefly introduce all the con-
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cepts and notations necessary for the rest of the paper. In
Section III, we describe our experimental investigation of
the modulation of absorption in n-type InGaAs /InAlAs
FE-QWS’s and in Section IV, we give a detailed inter-
pretation of the most salient features. Finally, in the con-
clusions, we discuss the potential applications of these
effects.

II. ABSORPTION IN UNDOPED AND MODULATION-DOPED
QW’s
A. Undoped QW'’s

The optical absorption spectra of undoped QWS’s are
now well understood [26], [27]. In this subsection, we
will briefly recall the main results.

It is instructive to consider first the idealized case of an
infinitely deep QW made of a semiconductor with non-
degenerate parabolic bands. The quantization of the mo-
tion in the direction perpendicular to the QW, which we
take as the z-axis, gives rise to confined levels with ener-
gies: EZy(n,) = (h%/2m,,) X (an,/L.)* where m, and
m, are the e-h effective masses. Since the particles are
free to move along the plane of the layer, the joint density
of states that governs the optical transitions consists of a
series of steps obeying the selection rule An, = 0. The
absorption spectrum is modified by the e-h Coulomb in-
teraction, which produces a hydrogenic series of excitonic
peaks below each intersubband edge and a correlation en-
hancement (the so-called Sommerfeld enhancement) in the
continua [28]. The excitonic bound states are naturally
labeled by the discrete quantum number n = 1, 2, - - -
that defines the energies of the 2-D Balmer series; E, =
-R,/(n — 1/ 2)* where R, is the Rydberg constant of
the material. Correspondingly, the scattering (unbound)
states can be labeled by a quantum number p, with a con-
tinuous spectrum. For each intersubband transition, the
high-energy exciton states (n >> 1) form a quasi-contin-
uum that merges continuously into the true continuum
(p), thus giving a smooth transition in the absorption pro-
file [28].

To describe the case of real quantum wells, one has to
account first for the finite height of the potential barriers
in the conduction (c) and valence (v) bands AE, ,. In
this case, the quantization of the motion perpendicular to
the wells gives only a limited number of confined states
in each band and continua of delocalized states. The con-
fined states are less bound than in the infinite well,
E,4(n,) < EZy(n,), and their number is equal to the
number of states in the infinite well with energy smaller
than AE, ,. They can still be labeled by the quantum num-
ber n,, which now determines the number of nodes, (n,
— 1) of the wave function. Furthermore, because of the
difference of masses and potential barriers the e and h
wave functions do not penetrate equally in the barrier ma-
terial. This causes a breakdown of the An, = 0 selection
rule. However, the n, , # n,_, transitions remain usually
weak and are often referred to as ‘‘forbidden transitions.”’
A further complication arises from the complex structure
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of the valence subbands of III-V semiconductors. With-
out getting into the details of the in-plane dispersion of
the hole states [29]-[31], we can consider that the main
result of the confinement is to lift the degeneracy of the
valence bands. Accordingly, two series of exciton reso-
nances should appear, associated with the hh and the light
hole 1h, respectively. In actual samples, the ideal absorp-
tion profile described above is blurred by unavoidable im-
perfections (fluctuations in the layer thickness, strain due
to small lattice mismatch, interface defects), as well as by
intersubband coupling and temperature broadening. As a
result, only the hh and lh exciton ground states are re-
solvable at the lowest absorption edge. It has been found
that the experimental absorption profile of undoped QW,
o' (hw), is well fitted by a semiempirical formula [32]:

@ (k) = 2 (afh (o) + aD(hw)). (1)

In this expression, the sum runs over n,, and the contri-
butions of the hh and lh transitions comprise an excitonic
(X') and a continuum ( C) part. For wells that are not too
narrow, e.g., L, = 100 A, the exciton peaks have a
roughly Gaussian line shape, while broadened 2-D Som-
merfeld enhancement profiles describe well the continua
contributions [6], [32]. Inasmuch as the confinement po-
tential dominates the motion normal to the layers, it is
legitimate to describe the excitons by a wave function
separable in the e-h relative coordinate (r) and the e-h
coordinates along the normal (2, ,); Vinn,(2Zes 2py ¥) =
$:.(z) ¢ (z) ®(r) where i = h or 1. Then the strength
of the exciton absorption is

o = [Po | [{05.2) | 62)) [ | 2(r = 0)
(2)

where p,, is the usual interband momentum matrix ele-
ment, assumed to be independent of k. The second factor
in (2) describes the overlap of the e and h wave functions
perpendicular to the layer. The third factor accounts for
the excitonic enhancement which is produced by the in-
creased probability of finding the two particles in the same
unit cell.

B. MD-QW's

The absorption spectra of MD-QW’s have been much
less investigated, and only recently have detailed experi-
mental determinations and theoretical descriptions been
achieved. In this subsection, we restrict ourselves to the
n-type doping which is used in our experiments, and we
shall only review the most salient features. A detailed dis-
cussion can be found in [21] and [33]. Obviously, in MD-
QW’s the occupation of the conduction band produces
PSF and many-body effects close to the gap. The carriers
will also affect the high-energy states, although less di-
rectly, through such effects as collisional broadening.
Furthermore, the charge separation produces electrostatic
fields that can modify strongly the optical transitions. The
electrostatic effects are normally treated in real space [2],
[3]. However, the many-body effects must be analyzed in
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the phase space because the consequences of the Pauli
exclusion principle are more naturally expressed in terms
of the momentum k, which is a good quantum number in
crystals. Therefore, we shall discuss separately the two
types of modifications of a(Aw). We will introduce the
most important ideas and sketch the theoretical treatment
without getting into details. For the reader interested in
these, we will indicate the proper references.

Let us consider how e-h correlation is modified by the
presence of a plasma. The excitonic states can be ex-
pressed as a linear combination of pair states:

%) = 25 @,(k) ¢ (k) cir (=k)| &) (3)
where k is the Fourier conjugate of the e-h relative motion
coordinate, ¢, are the € and h creation operators, and
| g is the crystal ground state with an empty conduction
band and a full valence band. In writing (3), we have as-
sumed that the exciton is photogenerated so that the mo-
mentum of the center of mass vanishes, and to simplify
the notation, we do not mention spin composition and in-
dexes explicitly. ®,(k) is the exciton wave function in
k-space. The corresponding wave function in real space,
which has the familiar hydrogenic functional form, is
simply the Fourier transform of ®,(k), i.e.,

(1) = 2 eV, (k). (4)
Both ®,(r) and &, (k) obey a Schrodinger equation de-
scribing the e-h relative motion. The expression of this
equation in k-space is [34]

E,®,(k) = [e.(k) + ey(k)] ®u(k)

- kz Vik — k') &,(k') (5)
where e, (k) = +[E,/2 + (h*/2m, ) k*] are the sin-
gle particle e (h) energies and V(q) is the Coulomb po-
tential screened by the static dielectric constant of the ma-
terial e, expressed in k-space. The index n runs over the
discrete (bound states) as well as over the continuous
(scattering states) spectra. The absorption coefficient in-
cluding correlation enhancement is given by the interband
density of states:

2@ (hw) o ;a(hw - E,) x k5_k3 ®,(k) ®F(k'). (6)

The spectrum of «(®’(Aw) consists of both a Balmer se-
ries and a continuum. The correlation is still important in
the continuum where it produces the Sommerfeld en-
hancement. Let us note from (6) that the correlation en-
hancement factor can also be written as I, ®&,(k)
&7 (k') = | ®,(r = 0) |, thus reproducing the familiar
form found in (2).

When a density N of charges is introduced in the QW,
it produces filling of states and screening. The Coulomb
potential becomes V;(q) = V(q)/e(q, w) where e(q, )
is the new dielectric constant that accounts for the effects
of the charges. This induces several modifications of the
electronic structure. First, the energies of the single-par-
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ticle states are renormalized; E,,(k) = ¢,,(k) +
L, n(k). The self energies £, ,(k) express how the en-
ergy of the particles due to their own potential is changed
by the presence of the other particles. This concept was
already used in classical physics, and the correct quantum
mechanical description accounts for the proper modifica-
tion of the Coulomb interaction due to the exclusion prin-
ciple, i.e., exchange interaction (EI) and direct screening
(DS) [34], [35]. Hence, the gap between the conduction
and valence bands shrinks. The bandgap renormalization
(BGR) is AE, = L,(0) + L.(0). The exact determina-
tion of £, ,(0) and AE, in the QW requires rather elab-
orate numerical calculations. However, the resuits of such
numerical calculations, performed for the quasi-2-D case
of QW'’s at moderate densities and low temperature [36],
[37], have shown that, with a remarkable accuracy, the
exchange correlation potential p,. varies as p,./R° =
-3.1 X (Naz_D)'/ 3 where Rﬁ‘D and a;. p are the 2-D Ryd-
berg and 2-D Bohr radii of the QW material. Recently,
high-density PL experiments at the n, = 1 gap of a num-
ber of I1I-V QWS’s have indicated that this expression has
a rather general character [38], [39] in close analogy with
a similar one in 3-D [40].

It is not known, however, how much the n, > 1 edges
are affected by the introduction of carriers at the n, = 1
gap. An idea customarily associated with BGR is that of
“‘rigid band shifts’’ [34]. Although rigid shifts may occur
within a 2-D subband, the intersubband BGR (i.e., the
BGR induced by carriers in one subband on another sub-
band) has been found experimentally to be rather small.
Observation of the dynamics of the screening in
GaAs/AlGaAs’s QWS’s [41] has shown that when pho-
tocarriers are introduced in the n, = 1 continuum, they
produce very small intrasubband and intersubband screen-
ing as long as they do not occupy the bottom of the n, =
1 subbands. When they have relaxed to the bottom of the
n, = 1 subbands, the screening within this subband be-
comes substantial, but the screening in n, = 2 as mea-
sured by the red shift of the n, = 2 optical transition edge
remains approximately one order of magnitude smaller
than the intrasubband screening. A plausible explanation
for such a result is that, conversely to what is commonly
assumed, the Coulomb interaction is not constant in k-
space. Indeed, QW’s within a heterostructure are nor-
mally treated as a quasi-2-D system, as shown by all of
the above discussion; however, it is always possible to
describe the whole heterostructure as a 3-D system if the
anisotropy of all properties is properly accounted for. In
particular, for the electronic states which are confined
within the QW, the 3-D wave vector K can be written K
= (k,, k) where k is the 2-D wave vector considered so
far and the ‘‘perpendicular wave vector’’ k, is associated
the kinetic energy induced by the confinement in the QW.
It depends on the subband and varies approximately as
| ks | = wn,/L,. In the 3-D k-space, the Coulomb poten-
tial varies as V(q) o ¢~ % where g is the wave vector mis-
match, ¢ = K — K’, so that intersubband screening is
governed by (| k, — k. |* + |k — k'|*)”". Thus, because
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for states belonging to different subbands | k, — k] | is
always large, the intersubband screening is very small,
even when k = k' = 0. The effects of the dependence of
V(q) on the dielectric constant do not affect the validity
of the above argument. Intersubband EI is almost com-
pletely quenched, and the intersubband DS is strongly re-
duced. Hence, in MD-QW’s the BGR effects are only im-
portant close to the fundamental gap, even up to rather
large carrier concentrations.

In the vicinity of this gap, the correction due to the BGR
in MD-QW’s can be derived from the correlation ex-
change potential u,. using the fitted analytical expression
discussed previously [36], [37] and

19
2 6N
where the factor 1/2 accounts for the fact that there are
only electrons in the MD-QW.

Both the change of single-particle energies and the
screening must be included in (5), but this is not the only
modification to account for. As seen from (3), the reduc-
tion of available states due to occupancy will also affect
the way the exciton states can be built. The effects of PSF
are naturally described by the quantity F(k) = [1 — f,(k)
— fu(k)]. All together, the new Schrodinger equation is
[34], [35]

E;¥;(k) = [E.(k) + Ex(k)] ¥, (k) — 2 sgn [F(k)]

R |

AEggr = (Nﬂxc) (7)

k- k)| FR) | ().

(8)

In the dilute limit (F(k) = 1), it is found that the eigen-
energies E; still form a discrete spectrum and, of course,
a continuous one as well. The states of the discrete spec-
trum are less tightly bound than in the absence of carriers,
E; < E,, and correspondingly, the correlation is also re-
duced. For large concentrations, because of the shortage
of unoccupied single-particle states out of which excitons
are built (PSF) and because of screening (EI + DS), there
are no more bound states, and only scattering states exist
(i.e., the index j has only a continuous spectrum). How-
ever, there is still a nonnegligible e-h correlation in the
continnum. The absorption profile in the presence of the
plasma can be calculated from this equation using Green’s
function techniques [35]. In this case, it can be written

o« () « X o(ho ~ E;) 2 | Pk |2

cwrk) [P | k) . (9)
By comparing (6) and (9), one sees clearly the changes
brought about by the charges present in the material. The
energies of the resonances are redshifted, but due to the
neutrality of excitons [34] the shifts are larger for the sin-
gle-particle states than for the bound states (when these
exist). The oscillator strengths are reduced for two rea-
sons: first, as a direct consequence of the exclusion prin-
ciple, as it is expressed by the factors | F(k) |'/?, and
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second, because of the weaker correlation (i.e., | ¥ (r =
0)| < | ®(r = 0) |). For large concentrations, there are
no more exciton resonances, and the absorption above the
gap is completely quenched over all the range for which
F(k) = 0. It is not possible to go beyond our general
arguments without numerical integration. This has been
performed for two-component plasmas [35] and single-
component plasmas [21]. However, let us note that it is
customarily assumed that the wave functions are the free-
particle plane wave functions in the continuum above the
n, = 1 excitons. This approximation results in the widely
used expression

o (ho) = ac'(ho) x [1 = £(k) = fi(k)] (10)
where (hw ~ E,) = h*%?*/2m and m is the e-h reduced
mass (m™! = m;' + m; ). Finally, let us note that, in
QW'’s that are not too wide, the PSF due to electrons at
the bottom of the first subband on the higher ones is small
for two reasons. First, in such QW’s the intersubband
separation is large enough to prevent significant occupa-
tion of the higher levels even at room temperature. In ad-
dition, the states belonging to different subbands are (al-
most) orthogonal, so that the effects of exclusion are
minimized.

The other changes in @ (Aw) of interest here are due to
electrostatic fields that can develop along the direction
perpendicular to the layers and therefore directly affect
the ¢5"(z) part of the exciton wave function. For un-
doped QW'’s without external field applied, these have a
sinusoidal dependence inside the well and exponential de-
caying tails outside. Modification of the absorption when
a uniform electrostatic field is applied normal to the layer
is now well documented and understood [2], [3]. The
wave functions become Airy functions, corresponding to
an asymmetric charge distribution in the well. However,
because of the large potential steps between the QW ma-
terial and the barrier material, the tunneling time out of
the QW is very long, and the e and h remain confined in
the well even at large fields. Hence, for well widths
smaller than the bulk exciton Bohr radius (L, < ag), the
e-h correlation remains important, and excitons are still
observed even in fields much larger than the 3-D classical
ionization field [2]. Nevertheless, both the wave function
overlap and the energies are changed. The lowest transi-
tions allowed in the absence of field usually lose strength
and are red shifted. By contrast, the ‘‘forbidden transi-
tions’’ appear more clearly and gain strength as the field
increases. It can be shown that several sum rules apply,
so that the total absorption strength below some energy is
conserved [3]. When charges are introduced in the QW
by MD, the charge separation produces band-bending ef-
fects, which in turn affect the wave functions of the mo-
bile charges, hence changing the field. In order to de-
scribe the net variation of the energy levels and wave
function overlaps, it is necessary to solve self-consis-
tently the Schrodinger and the Poisson equations [33],
[42]. This can be done numerically with great accuracy
for the 1-D problem. It is found that the energy shifts are
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not very large for symmetric charge distributions, but they
can become substantial in one-sided MD.

To summarize the discussion of this section, when an
electrostatic field is used in an FE-QWS to move carriers
into an MD-QW, we can expect the following changes in
the absorption spectrum as compared to that of the empty
QW. First, for all the subbands, the electrostatic fields
will shift the energy levels, reducing the oscillator strength
of the allowed transitions and increasing that of the *‘for-
bidden’’ ones. Second, the occupation of the lowest con-
duction subband will produce quenching of the absorption
and renormalization effects at the fundamental gap, but it
should not significantly affect the higher subbands.

III. MODULATION OF ABSORPTION IN FE-QWS’s
A. Sample Description and Experimental Method

As already mentioned in the Introduction, the high mo-
bility and large density of the 2-D electron gas which are
attainable in MD-QW’s make these structures very attrac-
tive for electronic transport devices [11]. Mobilities p >
10% cm?/V - s have been observed at low temperature in
MD GaAs/AlGaAs single-interface structures. These
structures have been used for fundamental investigations,
such as the study of quantum Hall effect [12], as well as
for applications. In particular, the electron density can be
tuned by an electric field applied to the sample, resulting
in the changes of the current flow between two electrodes.
Modulation-doped field-effect transistors (MODFET’s)
using this mechanism were demonstrated to operate at
high speed and were shown to be capable of driving large
currents [43]. Switching times as short as a few picosec-
onds were obtained with submicrometer gates [44].

The system of InGaAs /InAlAs lattice matched to InP
has a number of attractive features for utilization in FE
structures. The electron effective mass in InGaAs is low,
m, = 0.041m,. Good Schottky barriers can be formed on
InAlAs. High-quality MODFET’s have been demon-
strated in this material system with sheet carrier densities
N > 10" cm™? in the dark [45], [46]. These devices show
no persistent photoconductivity and in fact exhibit no sig-
nificant sensitivity to light. They exhibit good transcon-
ductance as high as 270 mS/mm for 1.6 um gate lengths
[46]. QWS’s made of these compounds present yet an-
other very important characteristic for our experiments and
other optoelectronic applications. The bandgaps of the
substrate (E,(InP) = 1.42 eV) and of the barrier mate-
rial (Eg(InAlAs) = 1.55 eV) are significantly larger than
that of the InGaAs (E,(InGaAs) ~ 0.81 eV). In fact,
there is a spectral window about 600 nm wide in which
only the InGaAs QW'’s absorb light. This feature offers
unique opportunities for photonic-electronic integration
because electronic devices, fabricated by conventional
processing techniques in epilayers grown onto InP sub-
strates, can be probed optically from beneath through the
InP substrate and InAlAs layers. Devices of this category
and of particular interest for our experiments are special
MODFET’s in which the conducting channel containing
the 2-D electron gas is an InGaAs QW [22], [23].
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SOURCE GATE DRAIN
n*GalnAs 2004
1404
n-AfinAs 250A
ARInAS —»} 204
GalnAs *— 1004
ARInAs — 30004
” InP SUBSTRATE ~

Fig. 1. (a) Structure of an FET. The 100 A InGaAs layer is und(!?ed, and

the InAlAs central layer (250 A) is doped with Si ~ 1.2 X 10'® cm™.

(b) Top view of the MODFET showing the electrode structure and the
extended optical pad.

The structure used in our experiments is shown in Fig.
1(a). The wafers were grown by molecular beam epitaxy
(MBE) and prepared using conventional photolithography
and lift-off techniques [45], [46]. The epilayers were
grown on a (100) Fe-doped sen}iinsulating InP substrate.
They consist first of a 3000 A undoped Ing s5,Alg 45AS

. buffer layer, followed by a 110 A undoped Ing 53Gag 47As
QW. To have a better separation between the carriers in
the conduction channel (i.e., the electron wave functions
in the well) and the impurities in the doped region, a 20
A undoped Ing 5,Alg 43As spacer layer separates the QW
from a 250 A Ing 5Alg 4sAs layer doped with Si =~ 1.2
x 10'® cm™3. Finally, a 140 A undoped Ing s;Alg 45As
layer and a 200 A n*-Ing 5;Gag 47As cap layer complete
the structure.

Hall measurements indicate that the sample indeed ex-
hibits good low-field mobilities: p = 9.4 X 10> cm®/Vs
at 300 K and p = 3.7 X 10* cm?/V - s at 77 K. The
corresponding sheet carrier densities are N(300 K) =
1.79 x 102 cm~2and N(77K) = 1.6 X 10'2 cm™2. Fig.
1(b) shows a top view of the MODFET’s. The drain and
source were made by evaporating and then alloying
AuGe /Au, such that an ohmic contact was formed to the
conduction channel. The gate area was first recessed 230
A by a slow chemical etch to remove the n* cap layer.
The Schottky gate was a 1.6 um X 100 um pattern con-
sisting of 300 A Cr under 3000 A Au and was centered
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Fig. 2. Typical source-to-drain, Isp(V), characteristics of the In-
GaAs/InAlAs MODFET for a set of gate voltages.

in a 5.4 pm gap between the source and the drain. It was
connected on one side through an air bridge to a bonding
pad. The other side of the gate was connected to a 100
pm X 100 um pad, which served as an active area for
optical probing. It should be noted that the electron den-
sity at the optical probing pad is the same as under the
short gate since they are held at the same potential. Fi-
nally, the FET’s were isolated by a deep mesa etch.

Fig. 2 shows the drain-source current Ipg as a function
of the drain-source voltage Vg as the gate-source voltage
Vg is varied. These characteristics show the excellent
quality of the MODFET’s. As expected, one sees clearly
that as ¥V is decreased, the resistivity of the channel in-
creases and Ipg drops. For all the MODFET’s processed
from this wafer, the pinch-off voltage at which the con-
ducting channel does not conduct any more is found to be
approximately V, = —0.5 V. Fig. 3 illustrates the vari-
ations of the band structure in real space below the gate
and the corresponding spatial distributions of charges in
the MODFET above and below pinch-off. Below pinch-
off (lower part of Fig. 3), the Schottky barrier is high,
and it pulls the n, = 1 QW confined level above the Fermi
energy Er. The QW is empty, and it has a flat profile. In
this condition, conduction is inhibited, and if any current
Ipg is‘measured, it originates from leakage (mainly due to
the extended gate). As a positive gate voltage is applied,
the Schottky barrier is lowered, the n, = 1 QW level is
below the E, electrons are admitted in the well, and con-
duction is possible (upper part of Fig. 3). The density of
electrons in the QW depends on the position of the n, =
1 level relative to Er. The charges in the well adjust to
minimize the energy, thus producing a nonuniform field,
and the QW profile is bent.

For the optical measurements, the samples were
mounted on the cold finger of a cryostat, and the lattice
temperature T; could be tuned from 10 to 300 K. The light
source consisted of a tungsten lamp and a 0.25 m mono-
chromator with a spectral resolution of =4 nm. The exit
slit was imaged on the MODFET to form a 100 um X
100 um square, which coincided with the optical probing
pad. The light from the monochromator was sent through
the transparent substrate and reflected off the metal elec-
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Fig. 3. Schematic of the charge distribution in the MODFET and of the
real-space band structure under the gate below and above pinch-off.

trode, thus passing twice through the QW. Beam splitters,
microscopes, IR TV cameras, and detectors were used to
image the samples and the IR beam and to measure the
reflected light intensities. The use of a tungsten lamp
monochromator as a light source enabled us to probe a
broad spectral range, from the InAlAs bandgap to the
InGaAs bandgap, thus covering the n, = 1, 2, and 3 QW
transitions.

The absorption coefficient of an InGaAs /InAlAs QWS
near the bandgap is approximately 5000 cm™' [6]; thus,
a single 100 A QW absorbs only = 1 percent of the light.
Detecting the variation of such a small absorption requires
a sensitive technique. The inherent advantage of the
MODFET structure is that it enables us to use lock-in
techniques to perform differential measurements with a
AT/T = 10™* sensitivity. The principle of the measure-
ment is the following. The gate voltage is modulated be-
tween two values V, and V, = V; + AV at some frequency
/, driving the electron density in the QW between N, and
N, = N; + AN. This, in turn, modulates the light trans-
mitted through the QW because, according to (9), the ab-
sorption coefficient follows the variations of the density
changing between aVV(hw) and o™ (hw) = « " (hw)
+ Aa(hw). The component at the frequency fof the rel-
ative change in transmission AT/ T is then measured using
sensitive lock-in amplifiers. For a probe beam making two
passes through the QW, one has, in the small signal re-
gime, AT/T =~ 2L, Aa(hw). In particular, if V, is set to
be equal to the pinch-off voltage V,, the measured signal
corresponds to the difference between the absorption of
an empty QW, o'® (hw) given by (6), and that of a QW
containing N electrons, o™ (hw) given by (9). In all the
measurements, V; was set to be equal to V. We shall call
the A (hw) spectra differential absorption spectra (DAS).

It is worth noting that, in this double-pass geometry, a
standing wave pattern can form just below the metallic
mirror gate. This might lead to some ambiguity in deter-
mining the actual intensity in the well and to some spec-
tral distortion due to the shift of the standing wave pattern
with changing wavelength. In fact, for practical applica-
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Fig. 4. A typical low-temperature (7, ) differential absorption spectrum.
The positions of the calculated energy levels are indicated by the arrows,
for the empty QW (top arrows) and the full QW (bottom arrows).

tions, one may take advantage of this effect to enhance
the absorption by positioning the QW at a maximum of
the standing wave.

B. Experimental Results

Fig. 4 shows a typical DAS at a temperature 7, = 10
K. Three broad features are clearly recognized at 0.85, 1,
and 1.2 eV. The lower-energy peak occurs at the bandgap
of the QW and is a positive signal. The two others have
a ‘‘derivative line shape’’ with a negative low-energy side
and a positive high-energy side. A positive peak in a DAS
corresponds to a spectral region where a®(hw) >
o™ (hw), and vice versa for a negative peak. Therefore,
the lowest-energy peak corresponds to the reduction of
the absorption near the bandgap as the QW fills up with
electrons. The absolute change in the absorption at that
region is approximately 4 percent, showing that at this
density the absorption is completely quenched. At the
higher-energy spectral features, the profile is mixed and
consists of regions of increased and decreased absorption.
One could obtain such a behavior from shifts and
broadening of resonances. It is also interesting to note that
the three peaks are separated by flat regions, where es-
sentially no change of the absorption occurs.

Fig. 5 shows a set of DAS for a series of increasing AV
also taken at T; = 10 K. The evolution of the DAS, as
the QW is progressively filled with electrons, is easily
followed. The signal at the bandgap starts with a sym-
metric line shape and increases in height until AV = 0.5
V (spectra 1-3). Above this voltage, the height of the
peak reaches a maximum, and it stops growing as two
distinct exciton resonances appear. The peak then
broadens asymmetrically, the low-energy side remaining
constant while the high-energy side extends (spectra 4-
5). At the other two spectral features, no saturation is
seen, and both the positive and the negative peaks in-
crease with AV. However, the negative peaks develop ex-
tra shoulders that become very clear in the last two DAS
(spectra 4 and 5).

The room-temperature behavior is shown in Fig. 6. The
same three spectral features are also observed, with sim-
ilar characteristics and evolution. The whole spectra are
shifted to low energy, and the maximum change in signal
is smaller, AT/T = 2 percent, reflecting the usual tem-
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Fig. 5. Setof DAS at T, = 10 K. Spectra 1 to 5 correspond to gate-source

voltage modulation between pinch-off (V, = —0.5 V) and V, = -0.2,
—-0.1, 0, +0.5, and +1 V, respectively.
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Fig. 6. Set of DAS at T, = 300 K. Spectra 1 to 5 correspond to gate-
source voltage modulation between pinch-off (V, = —0.5V)and ¥, =
-0.2, —0.0, +0.5, + 1, and +1.5 V, respectively.

perature dependence of the gaps and the reduction of ab-
sorption at high temperature. The broadening of the peaks
is especially important at the low-energy peak, which at
large AV becomes very asymmetric, with a relatively long
tail at the high-energy side.

The DAS are significantly changed as we go to negative
AV, ie., V, < V,. Fig. 7 shows the room-temperature
DAS of AV < 0. The first noticeable change is the shape
of the first spectral feature at the n, = 1 transition, which
now has a differential line shape similar to the high-en-
ergy ones. Comparison to Fig. 5 reveals that at this en-
ergy the DAS signal changes signs exactly at the low-
energy edge of the DAS of AV > 0 (note the different
energy scales on the two figures). We find that the AT/T
~ 0.1 percent is significantly smaller.

In order to be able to assign the different features ob-
served in the DAS, we performed room-temperature pho-
toconductivity-excitation measurements. We used the
same experimental apparatus, but this time applied a small
voltage between the drain and the source of the MOD-
FET. The incident light was chopped, and the Ipg was
measured by a lock-in amplifier. Unlike in a direct ab-
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Fig. 7. DAS at T, = 300 K for AV < 0 corresponding to the normal
QCSE in an empty QW. The DAS shown was obtained for a modulation

of the gate-source voltage between pinch-off (V, = —0.5V)and V¢ =
-15V.

sorption measurement, the line shape is distorted and may
change with the applied gate voltage. However, for the
assignment of the transition energies, this measurement
proves to be useful. Fig. 8 shows the photocurrent as a
function of photon energy for a nearly empty well (solid
line) and for a partially full well (dashed line). It is seen
without ambiguity that the three spectral features dis-
cussed above occur at the n, = 1, 2, and 3 transitions.
Fig. 8 also confirms that as the QW is filled the absorption
is quenched near the n, = 1 transition. It is also seen that
the n, = 2 resonance is broadened and red shifted, whereas
n, = 3 disappears almost completely.

IV. INTERPRETATION AND DISCUSSION OF THE
EXPERIMENTAL RESULTS

In this section, we analyze the results presented in the
previous section using the formalism introduced in Sec-
tion II. We start by solving the Schrédinger equation for
the empty well and obtain the transition energies. We then
step forward to find the transition energies and line shape
of the full well. As was already shown in Section II, we
expect the behavior at the first intersubband transition to
be significantly different from that at the higher ones.
Hence, this part of the analysis is divided in two: the first
part deals with the n, = 1 subband, and the second part
deals with the n, = 2 and 3 subbands.

We start by reconstructing the absorption spectrum of
the empty QW. This is done by determining numerically
the single-particle energy levels of the QW and the exci-
tonic binding energies associated with the optical transi-
tions [1], [2]. For this calculation, the band offsets be-
tween the QW and barrier material that we have used are
AE. = 0.60 X AE, = 440 meV and AE, = 0.40 X AE,
= 293 meV for the conduction and valence bands, re-
spectively [6], [47]. For the masses of the e, hh, and lh,
we took m, = 0.041 my, my, = 0.377mgy, and my, =
0.0516m, in the QW, and m, = 0.071mg, my, = 0.58my,
and my, = 0.14m, in the barrier material. The positions
of the n, = 1, 2, and 3 transitions are indicated as the top
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Fig. 8. Room-temperature photocurrent spectra for a nearly empty well
(solid line) and for a full well (dashed line).

arrows in Fig. 4. They correspond very well to the posi-
tive peaks of the DAS. Again, we note that there are flat
regions between these transitions where the continuum
absorption is not modified in the full QW. At the n, = 1
transition, the hh and lh excitons are identified. The fact
that these excitons are observed confirms that at the pinch-
off voltage the QW is indeed completely empty at this
temperature.

The transitions of the full well are more difficult to de-
termine since the & ¥(Aw) spectrum involves both elec-
trostatic and many-body effects. First, the single-particle
states of a full QW are displaced by the electrostatic po-
tential originating from the gate voltage ¥ and from the
spatial separation of the negative (electrons in the QW)
and the positive (ionized donors in the barrier) charges.
The charge densities, which can be large ( >10'! cm™2),
give rise to a significant band bending. Furthermore, as
discussed in Section I, the presence of a Fermi sea of elec-
trons induces a number of many-body effects (PSF, EI,
and BRG). In order to account as much as possible for all
these effects and interpret our data, we proceed as fol-
lows. We solve self-consistently Poisson and Schrédinger
equations for the QW containing N electrons and deter-
mine the new single-particle states. We then calculate the
BGR associated with this electron density. Finally, we
determine the effects of PSF. We can then obtain the ab-
sorption line shape of the full QW, which can be com-
pared to experiments.

In the self-consistent calculation, the Schridinger equa-
tion is solved numerically using a tunneling resonance
program. For the first iteration, we distribute all electrons
in the lowest conduction-band level E, according to spa-
tial distribution, | ¢ |2, This approach is correct for low
temperatures and for concentrations such that the Fermi
level Ef is below the second confined level. At T = 10 K
and N < 3 x 10" cm™2, both conditions are satisfied.
Assuming the N positive donors to be uniformly distrib-
uted throughout the doped region of the barrier, the Pois-
son equation is then solved to find tlie electrostatic poten-
tial corresponding to this charge distribution, which is
then added to the square-well potential. In the next iter-
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ations, the free-electron gas is allowed to respond to this
potential: the Schrédinger equation solved again, the
electrons are redistributed according to the square of the
new wave function, and the process is repeated. The sin-
gle-particle energies for the electrons converged rapidly:
five iterations are enough to give convergence within 0.5
meV. We used the results of the last iteration for the final
distribution of electrons in the QW, and consequently for
the final electrostatic potential, which, added to the
square-well potential, determined the final potential pro-
file in which the hh and 1h single-particle states were cal-
culated. We denote this correction to the transition ener-
gies, which originates from the QCSE, as AEqcsE.

In the vicinity of the gap, the correction resulting from
the BGR is given by (7). Taking a,, = 190 A and R y =
2.8 meV for InGaAs, we obtain AEpgg =~ —0.9 X
107N'"/3 where N is expressed per square centimeter and
AEpgg is in millielectronvolts. The shift introduced by
this mechanism is relatively small, and it is also a slowly
varying function of N. Typical values of interest for our
discussion are in the range 4.1 meV < AEpgg < 8.6 meV
for 10" ecm™2 < N < 10"2 cm 2. Thus, the corrections
for the BGR are not very important, especially when com-
pared to PSF, which close to the gap dominates over a
range on the order of Ef.

Let us now discuss the DAS line shape near the first
transition. In Fig. 9, we show a schematic of the band
structure. The solid line represents the n, = 1 conduction
subband in the presence of N electrons (E.(N)), i.e., in-
cluding the QCSE and the BGR shifts, and the dashed line
represents that of the empty well (E.(0)). The band-to-
band transitions are E;,(N ) and E,,(0), respectively, with

E\(N) = En(0) — AEqese(N) — AEgr(N).  (11)

However, because the electrons fill the states at the bot-
tom of the subband, the threshold for the optical transition
is,at T, = 0K,

(12)

as indicated by the right-hand arrow in Fig. 9. At a finite
temperature, the electrons have a Fermi distribution with
a large occupation at the bottom of the subband and a
smaller occupation around Ey. Hence, the absorption is
completely quenched only near the gap and exhibits a
thermal tail at high energy. As soon as Er becomes larger
than the exciton binding energy, the states out of which
the excitons are built are occupied, and the resonances
disappear [2], [8]. Correlation singularities may appear
near the Fermi energy [21]. They are seen only when the
impurity scattering has been completely eliminated, for
example, in samples with wide spacer. In our sample, the
spacer is thin (20 A) so that there is a substantial pene-
tration of the QW wave function in the doped region. In
this case, the Fermi edge singularities are not observed
and we will neglect them. In the flat part of the continuum
where (10) is valid, the profile of the high-energy side of
the DAS is described by

h(l)p = E“(N) + % EF
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Fig. 9. Schematic band structure near the gap, showing the interband tran-
sitions for the empty and full QW and the effect of the conduction sub-
band occupation.

k2
hw = Eyy(N) + h22—m.

where

Aa(hw) = af (ko) f.(hw) (13)
It should be noted that the complexity of the valence-band
structure is not very important since the reduced mass m
is primarily governed by the electron mass.

Fitting the DAS profile to the functional form of (13)

“determines Ep and T,. Fig. 10 shows a set of DAS blown
up in this region of the spectrum, together with the fitted
Fermi distribution. The two fitting parameters act inde-
pendently on the position and shape of the Fermi func-
tion, thus giving an easy and unique fit. We find that as
long as the gate Schottky diode is reverse-biased and the
leakage current is low, T, = constant = 50 K, but as the
diode is forward-biased the leakage current increases, and
T, rises, up the 120 K. Heating the lattice is easily ruled
out from the position of the front edge of Aa (Aw), which
does not change. The heating of the 2-D electron gas
above T} is in good agreement with the energy loss rate
per carrier in our QW material deduced from the leakage
current [48]. The electron density can be deduced from
Ep and T,. Table I summarizes the measured absorption
edges Awp at T; = 10 K and the corresponding Fermi
energies, electron densities, and temperatures.

In order to check these results, we performed a room-
temperature measurement of the capacitance between the
gate and the source as a function of V. This technique is
customarily used to measure the charge in the FET con-
duction channel [49]. The leakage current through the gate
limits this measurement to the voltage range at which the
Schottky diode is reverse-biased. Nevertheless, in the
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Fig. 10. DAS line shape close to the n, = 1 transition for the curves 3 to
5 of Fig. 5 and Fermi distribution fitted to the high-energy tails. The
temperature and concentration determined by the method described in
the textare (3) T, = 50K, N = 8 X 10°cm %, (4) 7. = 80K, N =
43 x10"em % (5) T, = 120K, N = 6.4 x 10" cm™2.

TABLE 1
MODULATION OF THE GATE-SOURCE VOLTAGE, FERMI DISTRIBUTION
PARAMETERS, AND ELECTRON DENSITIES FOR THE FIVE SPECTRA OF FIG. 5

AV Pp T, Ep N

0.3V 858 meV 50K  -7meV 1.3x10" cm~?

0.4V 866 meV 50K -lmeV 4.2x10" cm~?

0.5V 872 meV 50K +2meV 8x10'° cm™?

1.0V 902 meV 80K  +25meV 4.3x10'! em™?

15V 020 meV 120K +37meV 6.4x10"! cm™2

condition where the electrical measurement was possible,
the agreement between the two determinations is good:
N(V = 0) = (3.3 + 0.4) x 10" cm™? from the C(V)
measurement and N(V = 0) = (3.2 + 0.2) x 10" cm™
from the optical measurement.

Now that we know the electron density associated with
each DAS spectrum, we can proceed to analyze the DAS
near the n, = 2, 3 subbands. Since the PSF and the BGR
are not important there, we use the single-particle levels
determined by the self-consistent solution of the Poisson
and Schrédinger equations for these charge densities. The
corresponding transition energies are shown in Fig. 4 as
bottom arrows. The main effects are the shifts AEqcsg of
the allowed transitions and the appearance of new transi-
tions, previously forbidden. At this point, no broadening
has been accounted for, yet the results of the calculations
are quite close to the negative peaks of the DAS. The
positions of the *‘forbidden transitions,”” hhl1 — €2, hhl
— ¢3, and hh2 — €3, which become allowed when the
symmetry is broken, correspond very nicely to the nega-
tive shoulders which develop with increasing V. The new
positions of the allowed n, = 2 and 3 transitions are only
slightly below the maximum of the negative peaks. How-
ever, an electrostatic broadening [2], or a plasma-colli-
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sional broadening [1] of the higher resonances, can ac-
count for the small residual offset of the negative peaks.
Let us note that the room-temperature photocurrent spec-
tra indeed exhibit a significant broadening. This shows
that the electrostatic effects alone describe pretty well the
behavior away from the gap. In fact, this also shows that
direct information on the electrostatic potential in the QW
can be spectroscopically obtained from the DAS.

Finally, we briefly comment on the DAS seen for neg-
ative AV, shown in Fig. 7. As the bias on the gate is fur-
ther reversed, beyond the pinch-off voltage, the QW re-
mains empty, but is skewed due to the electrostatic field.
This produces a red shift of the various transitions, as seen
in the normal QCSE of undoped QW [2]. The signature
of such a shift on the DAS is a positive peak at the pinch-
off position of the hh exciton and a negative peak at its
red-shifted position, which is indeed observed in the ex-
periment.

V. CONCLUSIONS

We have shown in previous sections that the DAS tech-
niques provide a new spectroscopic tool to gain important
information on the 2-D electron gas in FE-QWS’s. The
line shape of the first DAS transition determines the den-
sity and temperature of the 2-D electron gas, and the po-
sition of the negative peaks of the DAS at the higher tran-
sition determines the electrostatic potential in the channel.
We would like to conclude by discussing briefly how the
FE control of the density of the 2-D electron gas can be
used for optoelectronic applications such as light modu-
lation, optical interconnects, and optical sampling.

The total absorption quenching which occurs in a
MODFET conduction channel may yield both a very large
on-off ratio and a very low insertion loss in lightwave
modulators. Another attractive property is the broad spec-
tral range ( = Ey) over which light can be modulated. Even
though total quenching is attainable only near the band-
gap, large modulation can be observed over =80 meV
(>1200 A) around the bandgap (A = 1.5 um) and over
a narrower range near the n, = 2, 3 transitions (A = 1.3
and 1.1 um). Recently, it has been proposed to exploit
this effect in waveguide modulators to increase the inter-
action length [50].

We have also evaluated the refractive index change in
the QW An, which is associated with the absorption
change A«, through a Kramers-Kronig analysis. We have
found that it can be very large and may reach An = 0.1
below the bandgap. This large refractive index change is
especially important for normal incidence phase modula-
tor applications.

Optical interconnects in microelectronics have been in-
tensively considered in the last few years as an alternative
to electronic links. One of their attractive advantages is
that parallel noninteracting connections can be made. The
switching of the transmitted light intensity through a
MODFET, which accompanies the switching of the gate
voltage, might be important in this context. A reflected
beam from the metal gate can be directed to a detector in

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24, NO. 8, AUGUST 1988

another position on the board, thus forming an optical in-
terconnection. By designing the structure such that the
QW is \/4n, from the metal gate, where ng is the InAlAs
refractive index, we can take advantage of the standing
wave formed between the incident and the reflected beams
and double the transmission change for a double pass to
AT = 4 percent.

The dynamics of extremely fast switching can be fol-
lowed using an optical sampling technique [51]. Probing
above the bandgap is even easier than in the interconnect
case and requires much less intensity on the gate. More-
over, the large index change generated at the spectral re-
gion below the gap, can be used to perform below-gap
sampling.

These examples, of light modulation and transistor logic
state readout, demonstrate the uniqueness of the electrical
control of carrier concentration in FE-QWS’s as a built-in
optoelectronic integration. The same device exhibits at the
same time excellent electronic and optical performance.
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