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Confinement effects in bulk samples derived from the Franz-Keldysh effect
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Differential electroabsorption spectra of thick 3dn, s5As 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 approximasi63-18299)03820-5

The coherence length of excited states in bulk semicon- 2
. 3eh [F
ductors can be derived from the range of Franz-Keldysh os- (Ep—Eg)3?=— —n (1)
cillations observed in differential electroabsorption 8 m

spectroscopy.This technique measures the change of trans-

mittance induced by a small modulation of the field in the  itterent bias is needed to create the same field in each
sample. The spectral rang& of Franz-Keldysh oscillations - g5mple due to partial screening of the applied voltage by
increases in proportion to the fiefdl SE=eFL, whereL is  gpace charge in the contact region. The modulation field is
the coherence length of excited states equivalent to the megidtimated to about-0.5 kV/cm, but, due to screening ef-
free path for coherent motion. The coherence length ofects, it can slightly vary with bias voltage and for different
Galn;_4As,P;_y epilayers varies at 20 K from 160 nm in samples. The field is sufficiently large to ionize excitons
the ternary alloy down to 60 nm for some quaternarycompletely. Weak-modulation spectra are then fully de-
compositiong. Similar spectra with numerous oscillations scribed by the envelope functions of electrons and holes be-
are also observed in the photoreflectance of GaAs heter@ause the Coulomb enhancement is not sensitive to small
structures, where partial screening of the built-in field byvariation of the field There is no difference in the spectra of
photo-excited carriers provides comparable modulatior500- and 200-nm-thick samples or to spectra measured on
conditions®* An increased range of oscillations has been600-nm-thick samples prepared by conventional sources.
used as an argument for improved sample quality after sulFranz-Keldysh oscillations extend beyond the onset of tran-
face treatmerit,assuming that this range depends only on thesitions from the split-off band at 1.17 eV, and overlap with
coherent lifetime of an excited state. This reasoning, how!he Franz-Keldysh effect at that gap. The beat in the oscilla-
ever, is not justified if the sample thicknesss less than the tions results from _the mterferent_:g of the_ dominant _heavy-
mean free pati., because the barriers limit the energy an holg and weaker Ilght—hole transitions which have different
accelerated electron hole pair can gain in the field to th€ri0ds due to their different reduced maSsThe arrow

smaller valueeFd. In the basis of eigenstates, the boundariesmarks the |ast oscillation which strictly obeys the scaling law

modify the free carrier states to quantized states of a broa8f Eq. (1). This yields a mean free path of 150 nm which is

quantum well.

We investigated electroabsorption spectra gfrh-thick
InP/Ing 554G &y 4AS/INP heterostructures, with the thicknesses o | /\ ﬂ A A ! 200mm
of the well material chosen as 600, 200, 100, and 60 nm, to S AN M nMA [ AV N
explore the confinement-induced effects on the spectral line- 3 V UVUWUVWU' V VA R
shape of the Franz-Keldysh effect. The samples were grown ‘A
by metal-organic vapor phase epita®OVPE) using the 100 /\ ! 100 nm
less hazardous liquid compounds tertiary butyl B8BAS) 0 M f\I\Mn:WMM'\ Al
and tertiary butyl RTBP) as substitutes for the highly toxic w VVVUVV vy
hydrate gases AsHand PH.® The samples were mounted on -100 el
the tip of a cryostat and studied at 20 K. Electric fields were nﬂ | 60 nm
applied by dc bias between thedoped substrate and a f\vl\vf\v/\vf\va AA AN oy
6-nm-thin Pt contact on top, and altered by a square-wave u V
modulation voltageAU=+100 mV of 1-kHz frequency. 1 iz%l‘é‘”cm
The relative change of the transmitted intengityields the . . .
change of the absorption constadtt = —Al/l. 08 ro Energy (e\;')z 14

Figure 1 compares spectra of three samples at the same
field of 32 kv/cm. The field is determined from the scaling  FIG. 1. Differential electroabsorption spectra for samples with
of peak position&,, with peak numben,” using the reduced different thickness at the same electric field of 32 kvicm. The
massm* = 0.037n, of heavy holes which, due to their larger modulation voltage is=0.1 V. Arrows mark the range of Franz-
oscillator strength, dominate the spectra: Keldysh oscillations. Parts of the spectra are enlarged as indicated.
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FIG. 2. EA spectra of the 100-nm-thick sample for different
electric fields. The modulation voltage #s0.1 V.

Peak number n

FIG. 3. Peak positiong,, of Franz-Keldysh oscillations vs peak
confirmed by measurements at a smaller field, where the oswumbern for the 100-nm-thick sample. The inset shows the linear
cillations do not overlap with the response of the split-offincrease with field of the range of Franz-Keldysh oscillations indi-
band. cated by the arrows.

Despite the same field, spectra of thinner samples show
significant differences, obvious by a direct comparison for ghe 100-nm-thick sample in Fig. 3. At 46 kV/cm, almost all
sample thickness of 100 nm. Beats of heavy- and light-holgeaks line up according to El) and are therefore attrib-
spectra are still present, but the oscillations are more rapidiyted to the Franz-Keldysh effect. Deviations become notice-
damped and disappear before they reach the gap of the splable near peak number 30 located about 450 meV above the
off band. The arrow at 1.11 eV again denotes the energgap. Although an impressive range for coherent acceleration,
where peak positions begin to deviate from the prediction byhis value remains far below the 700 meV anticipated for a
Eg. (1). Even more obvious changes occur near the gap anean free path of 150 nm. The energy where deviation from
0.81 eV, where the first peaks develop a fine structure. Sucherfect alignment is evident decreases with decreasing field
a fine structure at the gap is even more pronounced in theccompanied by an increasingly pronounced fine structure of
spectrum of the 60-nm-thick sample. Averaging over thisthe peaks near the gap. Replacing this fine structure by en-
fine structure leads to peaks which, below 1 eV, line upvelope peaks, we find that for 18 kV/cm still more than 15
according to Eq(1). However, the oscillations are rapidly peaks, reaching to about 1 eV, obey E#), and thus are
damped and the beats of heavy and light holes are hardigttributed to Franz-Keldysh oscillation. The inset in Fig. 3
visible. The oscillations observed above 1 eV do not obeyshows that the rang8E of peaks which belong to the Franz-
Eq. (1), and therefore are not part of the Franz-Keldysh ef-Keldysh effect increases linearly with field. Sinég is the
fect. energy carriers acquire in the electric field, the linear relation
The spectrum of the thickest sample is the only one whichreveals that the mean free path, not the time between colli-
shows an undistorted Franz-Keldysh effect corresponding tsions, is independent of field and carrier energhe slope
coherent acceleration limited by scattering. The modifica-of the straight line, the ratidE/F, leads toL~d, as ex-
tions in the spectra of the thinner samples are attributed tpected for coherent motion restricted to the sample thickness
the barriers which reflect carriers before collisions destroyd.
the coherent motion. The boundaries alter the free-particle A deeper insight into the role of boundaries is obtained
states into confined states of quantum wells. The energfrom tunnel resonance calculatiotfswhich yield the enve-
range above the gap where oscillations line up as predicteldpe functions of eigenstates in these thick but finite samples.
for the Franz-Keldysh effect is always closed®=eFd, the  Figure 4 shows valence- and conduction-band edges of the
field-induced potential across a sample of thicknss heterostructure for the 100-nm-thick sample at 18 kV/cm.
The effect of boundaries is most evident at low field, asWave functions above the barriers do not contribute to the
demonstrated in Fig. 2 by spectra of the 100-nm-thickelectroabsorption spectra, but within the well two different
sample. Except for a minor distortion near the gap, the spedypes of wave functions exist whose subtle differences are
trum at 46 kV/cm below 1.25 eV shows no deviation from responsible for the different types of oscillations observed in
the Franz-Keldysh effect. At lower fields, however, featureshe experimental spectrum belok,, the gap of barriers
attributed to carrier confinement become evident: the finenaterial. Since these states are confined, the energy spectrum
structure of the leading peaks, and deviation of the propeconsists of discrete but closely spaced levels. These states
alignment of the oscillations at higher energy. At 18 kV/cmbehave like a continuum as long as the level spacing is
only a few of the numerous oscillations can be attributed tesmaller than their lifetime broadening and the field is suffi-
the Franz-Keldysh effect. ciently strong. By tilting the potential, the field produces two
The range of the Franz-Keldysh oscillations is obtainedspectral regions involving distinctly different eigenstates. In
from plots of peak position versus peak number, shown fothe first region extending from the g&p to E;=Eg+eFd,
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7y of the potential well. The periods of these wave functions are
determined by the width of the potential well rather than by
R R AN AW AV AVAN P Y the field. These states correspond to quantum-confined states
of large quantum numbers which are modified by the Stark

effect. Consequently, the sequence of peaks in the spectra
s ¥ gradually deviates from that of Franz-Keldysh oscillations,
as such states begin to contribute to the absorption spectrum.
The range of quantum-confined states shrinks with increas-
ing field, and vanishes for large fields wh&j becomes
smaller thanE;. At such a high field the Franz-Keldysh ef-
fect determines the spectrum completely, and the oscillations
reach up toE; as long as the states remain confined to the
well.

In conclusion, we have shown that boundary conditions
modify the Franz-Keldysh oscillations. Their spectral range

FIG. 4. Electron and hole envelope functions at 18 kV/cm of in corresponds to the mean free path for coherent motion only
a 100-nm-wide Gan, _,As well with InP barriers. Field and barrier in samples of sufficient thickness. This critical thickness is
height determine spectral ranges involving different types of wavel50 nm at 20 K for the ternary alloy @a;_,As, and even
functions. larger values are anticipated for binary compounds like
k(]BaAs. In the case of thinner samples, fields and boundaries

all excited states involve electron and hole envelopes whic . . . L
reach to the bottom of the respective bands and extend ngf:eate different types of wave functions which can be distin-
guished by their contribution to the electroabsorption spec-

most of the sample. Except for their cutoff by the step po- . .
tential of the barrier, they are all identical and correspond td'UM- States which reach to the bottom of the tilted valence

eigenstates of a particle in a constant field, the Ai functions@nd conduction bands produce Franz-Keldysh oscillations as
which describe the Franz-Keldysh effect in bulk material.In bulk material over an energy range which, however, is
The different periods of electrons and hole states are duémited by the thickness of the sample. A second type of
only to their different mass. The cutoff by the barriers hasoscillation at higher energy involves rapidly oscillating
little influence as long as the wave functions extend ovefuantum-confined states which respond to the field by the
most of the structure, because normalization keeps their angiuantum-confined Stark effect. Although this may result in
plitude at the barrier small. Wave functions and electroabmany oscillations in an electroabsorption spectrum, the dis-
sorption spectra therefore become indistinguishable frontribution of peaks differs from the lineup of Franz-Keldysh
those of bulk samples up 16, . oscillations, which allows one to separate these contribu-
The situation is different for the lowest electron and holetions. The most obvious effect of the barrier is the appear-
states. Confined by the field to the corner of their potentiabnce of very narrow spectral features which seem to split the
wells, they split away from the extended states. Thesgirst peaks of the Franz-Keldysh effect. This fine structure
strongly confined states which for electrons and holes ocCufesults from the excitation of electrons or holes which are
at opposite interfaces have substantial transition probabilitieggnfined by the field to opposite interfaces of the sample.
only to Ai functions which just reach into their corners, sepa-These states can be considered as field-induced interface
rated in energy by the gap. Transitions involving these stategiates, which are best seen at lower field. It is interesting to
bound to the interface cause the sharp features in the specttgio that these highly structured spectra are obtained on

P?grEg : Sin?e thtg trantsirt]i.o?] probability. to the rr}apidlmoscih samples grown with alternative metal-organic sources, which
ating wave function at nigher energy 1S much sma’ler, eobviously have reached the same quality as samples obtained
fine structure in the spectra induced by these interface stat

is found only near the gap. With conventional but highly poisonous hydrate gases.

Above E; and belowE,=E,—eFd, optical transitions This study was supported by the Deutsche Forschungsge-
involve at least one state which does not reach to the bottormeinschaft(SFB 383.
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