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Confinement effects in bulk samples derived from the Franz-Keldysh effect

H. J. Kolbe, C. Agert, W. Stolz, and G. Weiser
Department of Physics and Material Sciences Center, Philipps–Universität, Renthof 5, 35032 Marburg, Germany

~Received 5 January 1999!

Differential electroabsorption spectra of thick Ga0.47In0.53As epilayers demonstrate a significant distortion of
the Franz-Keldysh effect if the sample is thinner than the mean free path. Such confinement effects are clearly
visible in 100-nm-thick samples, where they reduce the range and amplitudes of Franz-Keldysh oscillations.
Further oscillations appear well above the gap which are related to quantum-confined states. Additional sharp
spectral features are observed near the gap which are related to field-induced interface states. The spectra are
compared with calculations based on the envelope approximation.@S0163-1829~99!03820-5#
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The coherence length of excited states in bulk semic
ductors can be derived from the range of Franz-Keldysh
cillations observed in differential electroabsorptio
spectroscopy.1 This technique measures the change of tra
mittance induced by a small modulation of the field in t
sample. The spectral rangedE of Franz-Keldysh oscillations
increases in proportion to the fieldF: dE5eFL, whereL is
the coherence length of excited states equivalent to the m
free path for coherent motion. The coherence length
GaxIn12xAsyP12y epilayers varies at 20 K from 160 nm i
the ternary alloy down to 60 nm for some quaterna
compositions.2 Similar spectra with numerous oscillation
are also observed in the photoreflectance of GaAs het
structures, where partial screening of the built-in field
photo-excited carriers provides comparable modulat
conditions.3,4 An increased range of oscillations has be
used as an argument for improved sample quality after
face treatment,5 assuming that this range depends only on
coherent lifetime of an excited state. This reasoning, ho
ever, is not justified if the sample thicknessd is less than the
mean free pathL, because the barriers limit the energy
accelerated electron hole pair can gain in the field to
smaller valueeFd. In the basis of eigenstates, the boundar
modify the free carrier states to quantized states of a br
quantum well.

We investigated electroabsorption spectra of 1-mm-thick
InP/In0.53Ga0.47As/InP heterostructures, with the thickness
of the well material chosen as 600, 200, 100, and 60 nm
explore the confinement-induced effects on the spectral l
shape of the Franz-Keldysh effect. The samples were gr
by metal-organic vapor phase epitaxy~MOVPE! using the
less hazardous liquid compounds tertiary butyl As~TBAS!
and tertiary butyl P~TBP! as substitutes for the highly toxi
hydrate gases AsH3 and PH3.6 The samples were mounted o
the tip of a cryostat and studied at 20 K. Electric fields we
applied by dc bias between then-doped substrate and
6-nm-thin Pt contact on top, and altered by a square-w
modulation voltageDU56100 mV of 1-kHz frequency.
The relative change of the transmitted intensityI yields the
change of the absorption constant:dDa52DI /I .

Figure 1 compares spectra of three samples at the s
field of 32 kV/cm. The field is determined from the scalin
of peak positionsEn with peak numbern,7 using the reduced
massm* 50.037mo of heavy holes which, due to their large
oscillator strength, dominate the spectra:
PRB 590163-1829/99/59~23!/14896~3!/$15.00
-
s-

-

an
f

o-

n

r-
e
-

e
s
d

s
to
e-
n

e

e

me

~En2Eg!3/25
3eh

8
AF2

m*
n ~1!

A different bias is needed to create the same field in e
sample due to partial screening of the applied voltage
space charge in the contact region. The modulation field
estimated to about60.5 kV/cm, but, due to screening e
fects, it can slightly vary with bias voltage and for differe
samples. The field is sufficiently large to ionize excito
completely. Weak-modulation spectra are then fully d
scribed by the envelope functions of electrons and holes
cause the Coulomb enhancement is not sensitive to s
variation of the field.8 There is no difference in the spectra
600- and 200-nm-thick samples or to spectra measured
600-nm-thick samples prepared by conventional sourc1

Franz-Keldysh oscillations extend beyond the onset of tr
sitions from the split-off band at 1.17 eV, and overlap w
the Franz-Keldysh effect at that gap. The beat in the osc
tions results from the interference of the dominant hea
hole and weaker light-hole transitions which have differe
periods due to their different reduced mass.1,9 The arrow
marks the last oscillation which strictly obeys the scaling l
of Eq. ~1!. This yields a mean free path of 150 nm which

FIG. 1. Differential electroabsorption spectra for samples w
different thickness at the same electric field of 32 kV/cm. T
modulation voltage is60.1 V. Arrows mark the range of Franz
Keldysh oscillations. Parts of the spectra are enlarged as indica
14 896 ©1999 The American Physical Society
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confirmed by measurements at a smaller field, where the
cillations do not overlap with the response of the split-
band.

Despite the same field, spectra of thinner samples s
significant differences, obvious by a direct comparison fo
sample thickness of 100 nm. Beats of heavy- and light-h
spectra are still present, but the oscillations are more rap
damped and disappear before they reach the gap of the
off band. The arrow at 1.11 eV again denotes the ene
where peak positions begin to deviate from the prediction
Eq. ~1!. Even more obvious changes occur near the ga
0.81 eV, where the first peaks develop a fine structure. S
a fine structure at the gap is even more pronounced in
spectrum of the 60-nm-thick sample. Averaging over t
fine structure leads to peaks which, below 1 eV, line
according to Eq.~1!. However, the oscillations are rapidl
damped and the beats of heavy and light holes are ha
visible. The oscillations observed above 1 eV do not ob
Eq. ~1!, and therefore are not part of the Franz-Keldysh
fect.

The spectrum of the thickest sample is the only one wh
shows an undistorted Franz-Keldysh effect correspondin
coherent acceleration limited by scattering. The modifi
tions in the spectra of the thinner samples are attribute
the barriers which reflect carriers before collisions dest
the coherent motion. The boundaries alter the free-part
states into confined states of quantum wells. The ene
range above the gap where oscillations line up as predi
for the Franz-Keldysh effect is always close todE5eFd, the
field-induced potential across a sample of thicknessd.

The effect of boundaries is most evident at low field,
demonstrated in Fig. 2 by spectra of the 100-nm-th
sample. Except for a minor distortion near the gap, the sp
trum at 46 kV/cm below 1.25 eV shows no deviation fro
the Franz-Keldysh effect. At lower fields, however, featu
attributed to carrier confinement become evident: the
structure of the leading peaks, and deviation of the pro
alignment of the oscillations at higher energy. At 18 kV/c
only a few of the numerous oscillations can be attributed
the Franz-Keldysh effect.

The range of the Franz-Keldysh oscillations is obtain
from plots of peak position versus peak number, shown

FIG. 2. EA spectra of the 100-nm-thick sample for differe
electric fields. The modulation voltage is60.1 V.
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the 100-nm-thick sample in Fig. 3. At 46 kV/cm, almost a
peaks line up according to Eq.~1! and are therefore attrib
uted to the Franz-Keldysh effect. Deviations become noti
able near peak number 30 located about 450 meV above
gap. Although an impressive range for coherent accelerat
this value remains far below the 700 meV anticipated fo
mean free path of 150 nm. The energy where deviation fr
perfect alignment is evident decreases with decreasing
accompanied by an increasingly pronounced fine structur
the peaks near the gap. Replacing this fine structure by
velope peaks, we find that for 18 kV/cm still more than
peaks, reaching to about 1 eV, obey Eq.~1!, and thus are
attributed to Franz-Keldysh oscillation. The inset in Fig.
shows that the rangedE of peaks which belong to the Franz
Keldysh effect increases linearly with field. SincedE is the
energy carriers acquire in the electric field, the linear relat
reveals that the mean free path, not the time between c
sions, is independent of field and carrier energy.1 The slope
of the straight line, the ratiodE/F, leads toL;d, as ex-
pected for coherent motion restricted to the sample thickn
d.

A deeper insight into the role of boundaries is obtain
from tunnel resonance calculations,10 which yield the enve-
lope functions of eigenstates in these thick but finite samp
Figure 4 shows valence- and conduction-band edges of
heterostructure for the 100-nm-thick sample at 18 kV/c
Wave functions above the barriers do not contribute to
electroabsorption spectra, but within the well two differe
types of wave functions exist whose subtle differences
responsible for the different types of oscillations observed
the experimental spectrum belowEb , the gap of barriers
material. Since these states are confined, the energy spec
consists of discrete but closely spaced levels. These s
behave like a continuum as long as the level spacing
smaller than their lifetime broadening and the field is su
ciently strong. By tilting the potential, the field produces tw
spectral regions involving distinctly different eigenstates.
the first region extending from the gapEg to E15Eg1eFd,

FIG. 3. Peak positionsEn of Franz-Keldysh oscillations vs pea
numbern for the 100-nm-thick sample. The inset shows the line
increase with field of the range of Franz-Keldysh oscillations in
cated by the arrows.
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all excited states involve electron and hole envelopes wh
reach to the bottom of the respective bands and extend
most of the sample. Except for their cutoff by the step p
tential of the barrier, they are all identical and correspond
eigenstates of a particle in a constant field, the Ai functio
which describe the Franz-Keldysh effect in bulk materi
The different periods of electrons and hole states are
only to their different mass. The cutoff by the barriers h
little influence as long as the wave functions extend o
most of the structure, because normalization keeps their
plitude at the barrier small. Wave functions and electro
sorption spectra therefore become indistinguishable fr
those of bulk samples up toE1.

The situation is different for the lowest electron and ho
states. Confined by the field to the corner of their poten
wells, they split away from the extended states. Th
strongly confined states which for electrons and holes oc
at opposite interfaces have substantial transition probabil
only to Ai functions which just reach into their corners, sep
rated in energy by the gap. Transitions involving these sta
bound to the interface cause the sharp features in the sp
nearEg . Since the transition probability to the rapidly osc
lating wave function at higher energy is much smaller,
fine structure in the spectra induced by these interface s
is found only near the gap.

Above E1 and belowE25Eb2eFd, optical transitions
involve at least one state which does not reach to the bot

FIG. 4. Electron and hole envelope functions at 18 kV/cm of
a 100-nm-wide GaxIn12xAs well with InP barriers. Field and barrie
height determine spectral ranges involving different types of w
functions.
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of the potential well. The periods of these wave functions
determined by the width of the potential well rather than
the field. These states correspond to quantum-confined s
of large quantum numbers which are modified by the St
effect. Consequently, the sequence of peaks in the spe
gradually deviates from that of Franz-Keldysh oscillation
as such states begin to contribute to the absorption spect
The range of quantum-confined states shrinks with incre
ing field, and vanishes for large fields whenE2 becomes
smaller thanE1. At such a high field the Franz-Keldysh e
fect determines the spectrum completely, and the oscillati
reach up toE1 as long as the states remain confined to
well.

In conclusion, we have shown that boundary conditio
modify the Franz-Keldysh oscillations. Their spectral ran
corresponds to the mean free path for coherent motion o
in samples of sufficient thickness. This critical thickness
150 nm at 20 K for the ternary alloy GaxIn12xAs, and even
larger values are anticipated for binary compounds l
GaAs. In the case of thinner samples, fields and bounda
create different types of wave functions which can be dis
guished by their contribution to the electroabsorption sp
trum. States which reach to the bottom of the tilted valen
and conduction bands produce Franz-Keldysh oscillation
in bulk material over an energy range which, however,
limited by the thickness of the sample. A second type
oscillation at higher energy involves rapidly oscillatin
quantum-confined states which respond to the field by
quantum-confined Stark effect. Although this may result
many oscillations in an electroabsorption spectrum, the
tribution of peaks differs from the lineup of Franz-Keldys
oscillations, which allows one to separate these contri
tions. The most obvious effect of the barrier is the appe
ance of very narrow spectral features which seem to split
first peaks of the Franz-Keldysh effect. This fine structu
results from the excitation of electrons or holes which a
confined by the field to opposite interfaces of the samp
These states can be considered as field-induced inter
states, which are best seen at lower field. It is interesting
note that these highly structured spectra are obtained
samples grown with alternative metal-organic sources, wh
obviously have reached the same quality as samples obta
with conventional but highly poisonous hydrate gases.

This study was supported by the Deutsche Forschung
meinschaft~SFB 383!.
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