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Tunneling escape time of electrons from the quasibound Stark localized states
in ultrathin barrier GaAs/AlAs superlattices

K. Fujiwara, K. Kawashima, and T. Imanishi
Kyushu Institute of Technology, Tobata, Kitakyushu 804, Japan
(Received 1 July 1996

Band-edge optical absorption spectra in two series of monoperiodic GaAs/AlAs superlattice diodes are
investigated as a function of bias voltage by low-temperature photocurrent spectroscopy. In the superlattices
the well width is fixed at 11 or 22 monolayesIL ) and only the ultrathin barrier thickness is varied between
2 and 6 ML. In the limit of high electric field conditions where the fundamental Stark ladder transition
dominates, the linewidth of the heavy-hole excitonic peak is found to increase systematically with decreasing
the barrier thickness. That is, the linewidth for the superlattice with thinner barriers is broader than that with
the thick barrier superlattice, which is basically determined by the usual inhomogeneous broadening. This
enhancement of the spectral linewidth by more than 10 meV is due to a lifetime broadening of the quasibound
Stark localized states. This resonance energy broadening due to the rapid tunneling escape of electrons is used
to determine the tunneling time by the uncertainty principle. The tunneling escape time thus determined as a
function of barrier thickness shows good agreement with values deduced from the confined electron level
broadening for the biased double-barrier quantum-well structures based on simple transfer matrix calculations.
[S0163-182696)09348-4

I. INTRODUCTION localized states should also be reflected in the absorption
spectra line shape, especially when the barrier thickness is
Recently, external electric field effectStark effects in extremely thin and the tunneling time is short enough, due to
semiconductor superlatticéSL'’s), i.e., so-called Wannier- a lifetime broadening. However, in the practical SL samples
Stark localization, have been receiving a great deal ofhe inhomogeneous linewidth broadening prohibits observa-
attention'~® The existence of equally spaced energy levelstion of this effect due to the confinement potential fluctua-
Stark ladders, and Bloch oscillations, which were predictedions in the quantum-well heterostructures. Although this
in the late 19508, has actually been demonstrated. More-quasibound nature of the eigenstates has previously been dis-
over, these effects are also found to be very useful for applicussed mostly theoretically;*® no experimental tests have
cations to new optoelectronic devicés! been undertaken, to the best of our knowledge, for the life-
Under the high axial electric fieldH) applied along the time broadening as well as the systematic dependence of the
superlattice-growthz direction, the resonant coupling be- tunneling time on the barrier thickness in the time range
tween the individual quantum wel{fQW'’s) can significantly — below 10 ps.
be weakened or even destroyed because of the energy mis- In this paper, optical absorption spectra in two series of
alignment byneFD between the neighboring wells sepa- monolayer-controlled GaAs/AlAs SL’'s with ultrathin barri-
rated by multiples1t) of the SL periodD (Stark effects As  ers have been investigated by low-temperature photocurrent
a result, the wave functions associated with the Stark laddegpectroscopy. It is found that, when the barrier thickness in
are partially localized, with each eigenstate being peaked ithe SL samples is varied, the spectral linewidth of the fun-
the individual wells, but with its amplitude substantially de- damental Stark ladder transition under high electric fields
creasing into a few neighboring wells. When an extremelyshows systematic increases with decreasing the barrier thick-
high field is applied, the eigenstate is completely localizedhess. This enhancement of the linewidth, which exceeds the
within each well and the discrete QW eigenenergy levels cainhomogeneous broadening, is due to a lifetime broadening
be recovered. In fact, the Stark localized states are definitelgf the quasibound Stark localized states. This resonance en-
observed in numerous optical absorption spectra involveé@rgy broadening due to the rapid tunneling escape of elec-
with the quasi-two-dimensional excitonic effe¢t§. How-  trons is used to determine the tunneling time in the time
ever, we should note that the Stark localized states are negion below 1 ps by the uncertainty principle. Good agree-
longer the same as the usual QW subband states originallyent is obtained between the observed tunneling time and
localized within the flat potential well since the electrostaticthe lifetime deduced from the calculated electron level
term is added in the Hamiltonian of the system. This causebroadening in the double-barrier QW.
the eigenstates to be the quasibound states which can tunnelln Sec. Il experimental details are given, and in Sec. lll
escape out of the well within a finite time. The tunneling results of band-edge absorption spectra and the spectral line
escape time from the double-barrier heterostructures hashape analysis are first presented and discussed in Secs. Ill A
been measured previously by time-resolved photoluminesand 11l B, respectively, which are followed by a discussion
cence experiments in the time range above 1&p3itis  of the tunneling time in Sec. Il C. Finally, a summary is
expected, therefore, that the quasibound nature of the Stadiven in Sec. IV.
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FIG. 1. Photocurrent spectra of GaAs/AlAs SL's with 11-ML GaAs wells &d3-ML and (b) 6-ML AlAs barriers as a function of
applied bias voltagéthe minus voltage given means the reverse bias voltade spatially indirect heavy-hole Stark ladder transitions are
denoted by ladder indices, for example, by+1 and— 1, while the direct ones by(BIH) and GLH). The spectra are vertically shifted for
clarity.

Il. EXPERIMENTAL DETAILS 380x 380-um? window-shaped Au contact was then depos-

Two different series of high-quality GaAs/AlAs SL ited onto the 10-nnp*-type GaAs cap layer to allow electric
samples were grown on Ga@®0 substrates by molecular field application and optical access. Photocurf@@) spec-
beam epitaxy(MBE). The nominally undoped SL is con- tra were measured at16 K in a closed-loop He cryostat
tained in the intrinsic region and is sandwiched betweert'Sing @ halogen lamp and a monochromator for excitation
5% 1017 cm~2 Si-dopedn-Al ¢ ,Gag As and 168 cm~3 Be- and_a corr_lputer-cont_rolled electrome_:ter f_or dc Qetectlon. The
dopedp-Al o Ga, (As cladding layers to form @-i-n diode PC intensity was calibrated for the light intensity.
structure. In the first series of three SL samples, the GaAs
well width L, is fixed at 22 monolayer@L) and the barrier
thicknesd g is set at 2, 3, and 4 ML. In the second series the
well width is fixed at 11 ML, while thd g is varied from 2,

3, 4, to 6 ML. These SL samples were prepared within a Figures 1a) and Xb) show examples of PC spectra for the
short experimental period to ensure reproducibility of sampld-,=11 ML SL with Lg=3 and 6 ML, respectively, as a
quality and uniformity. The SL period (=L,+Lg) of function of applied bias voltagev(;) between+1.4 V (for-
some samples was measured by small-angle x-ray-diffractioward biag and — 14 V. At the positive bias voltage of1.4
experiments. These results were used to determine the actial which nearly corresponds to the flatband condition, a
growth rate, from which the nominal values of the well andsharp peak is observed at the absorption edge near 714 nm
barrier thickness were estimated within an accuracy of1.737 eV in the lowest PC spectrum in Fig(d. Addition-

+0.1 ML. Using the simple Kronig-Penney model, miniband ally, three peak$one sharp and two broad featurese also
widths of these SL layers are calculated and the value iseen on the high-energy side. These four features have been
ranged from 14 to 144 meV for electrons. In each SL diodediscussed alreadYand ascribed to the heavy-hdldH) and

the 100-period SL layer is confined between undoped 50-nrfight-hole (LH) superlattice excitons associated with the
Al o /Gag éAs layers below and above and furthef and  miniband bottom [") and top {I). When the reverse bias is
p-doped Aly /Gay As cladding layers. After the growth each increased[the electric fieldF is given by ¥/pi—V,)/W,
sample was processed into a 40800.wm? mesa using wet whereV,, is a built-in voltage andV the thickness of the
chemical etching by standard photolithography techniques. Antrinsic regior], a number of new fine structures appear. On

IIl. RESULTS AND DISCUSSION

A. PC spectral characteristics
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the lower-energy side in Fig.(d), some peaks show red- 0
shifts, while other peaks develop at the higher-energy side HH ———
(blueshifty. These evolving peaks are due to the spatially GaAs/AlAs
indirect Stark ladder transitions whose energies are propor- Lz=11ML
tional to neFD with increasing the field strength where

n is a Stark ladder indekUp to third order the ladder tran-
sitions can be identified. In the central region, on the other
hand, two distinct peaks are gradually developing with in-
creasing the field strength without accompanying any signifi-
cant energy shifts. We attribute these peaks to the zeroth-
order(fundamentgl spatially direct HH and LH Stark ladder
transitions.

In Fig. 1(b) are shown PC spectra for the SL sample with
the relatively thick barrier thickness of 6 ML. Both direct
and indirect Stark ladder transitions are also seen clearly.
With increasing the reverse bias, two peaks due to the fun-
damental HH and LH Stark ladder transitions develop at 689
nm (1.799 eV} and 668 nm(1.856 e\j. The observed ener-
gies of the leading two peaks are in agreement with calcu-
lated values of 1.777 and 1.849 eV assuminglthe 11 ML
well due to HH and LH transitions, respectively. Because the
SL has a narrow electron miniband of 17 meV, the Wannier-
Stark localization effect is only weakly observed. However,
when comparing with the two series of spectra shown in
Figs. 1@ and Xb), we note that the linewidth of the funda- ML
mental HH transitions shows a large difference between | . ; . . . . . ,
them and that the case of thin-barrier SL is significantly 780 720 70 620
broader than the thick-barrier SL. This tendency is even WAVELENGTH (nm)
more pronounced for the thinnest 2-ML barrier 3Lt ap- FIG. 2. Solid curves show photocurrent spectra of GaAs/AlAs
pears that the quantum-confined Stark effeist not impor-  sp’s with 11-ML GaAs wells anda) 2-ML, (b) 3-ML, and (c)
tant in this series of SL samples and that the peak redshift is-ML AlAs barriers under the applied bias voltage-el.4 V, while
observed to be smallgiess than 5 meV for the measured dotted ones correspond to the flatband conditairthe forward bias
range since the well width is narrower. If the narrow well voltage of+1.4 V). Dashed curves superimposed@ and(b) are
width of 11 ML in the SL layer is taken into account, the the same as the spectrui), but shifted to align the peak position
linewidth of the zeroth-order spatially direct HH Stark ladder at the fundamental Stark ladder transition with keeping the base line
transition is very sharp. The linewidth of the HH fundamen-at the height of the first-order ladder transition for comparison of
tal Stark ladder transition is estimated by the lower halfthe linewidth changes. Horizontal bars indicated in the upper part
width at half maximum (HWHM) and found it to be are the interband transition miniband widths of the superlattices
~18.7+0.5 meV from Fig. 1b). This linewidth is close to a related with heavy-hol¢HH) and light-hole(LH) subbands. The
half value of~29 meV calculated for the confinement en- SPectra are vertically shifted for clarity.

ergy change by one monolayky, fluctuations and compa- _ . .

rable to those reported for the high-quality multiple-QW t_ral.dTr:e Ilnti.strrw]apef shome_d compllqa&te(;i_ch;nggs _I‘_"r’]'th;?:e

samples prepared by standard MBE technologies. Thus it ifée strength, therefore, this was omitted In F1g. 2. he.
Spectra corresponding to the flatband condition are also illus-

assumed that the absorption linewidth observed for the thicktrated by dotted curves. Energy positions of the miniband
barrier SL is basically determined by the inhomogeneity a dge excitonic transitions are located near the wavelength

the hgteromt_erfaceenhomogeneous broadgnnngs usually regions expected from calculated transition miniband widths,
seen in the isolated QW. Here we only discuss the case Qijgg shown in the upper part of figure by horizontal bars. It is
HH-related transitions since the LH linewidth is more diffi- j55rant to note that, in the voltage range where the zeroth-
cult to evaluate due to overlapping with the HH continuum, qer Stark ladder transitions are dominating, but the Stokes
states. For the o_ther series of SL samples with the 2 timegyitt que to the quantum-confined Stark efféahich may
wider wells, basg:ally similar features were observed, al-;55 contribute to the linewidth broadenjrig small enough,
though the trend is less pronouncéd. there is a substantial difference in the linewidth between the
thin- and thick-barrier SL's. In order to compare the differ-
ence in linewidth, the PC spectru¢o) for the 6-ML barrier
SL is shifted and superimposed on the other spdejrand

In order to show more clearly changes of the linewidth(b) by dashed curves in Fig. 2. In the casasand(b) where
with variations of the barrier thickness, the PC spectral linehe small first-order Stark ladder transition is remaining, the
shape is drawn in Fig. 2 for a set of three SL samples wittHWHM linewidth is estimated by shifting up the base line to
L,=11 ML under the applied high electric fielteverse bias the PC signal level of the first-order ladder transition. We
V,=—14 V). For the SL sample with 4-ML barriers, addi- note that in(a) and (b) the zero level of dashed spectrum
tional anticrossing behaviors were observed in the PC specoincides with the PC signal level of the first-order ladder

INTENSITY (arb. units)

PC

B. Linewidth broadening
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FIG. 3. Spectral linewidttHWHM) of the zeroth-order heavy- TUNNELING PROBABILITY
hole Stark ladder transitions as a function of barrier thickness for FIG. 4. Electron transmission spectra of the GaAs/AlAs double-
the GaAs/AlAs SL with 11- and 22-ML wells. Dashed lines are barrier quantum-well heterostructures with 11- and 22-ML wells
guides to the eye. and different barriers between 2 and 6 ML.

transition in the solid spectra ¢8) and (b). For the 2-ML (5 meV) when the barrier thickness decreases fiog6 to
(3-ML) barrier SL, a value of 3061 meV (23.4£0.5meV} 2 ML (3 ML). We note that the determination Bf, is based

is thus obtained for the HWHM. In Fig. 3 the experimental oy the assumption that the different SL samples have the
HWHM is plotted as a function of barrier thickness for the gyme value of background broadenings, assuming a constant
two series of SL samples. In the case of the=11 ML SL  \ 31y of 18.7 meV for the inhomogeneous broadening plus
series, it is clear that the linewidth enhancement amounts tQ, < homogeneous broadening by phonon scattering at

0, - I i . N . .
Pheamgreeetzﬁgni%ﬁ efﬁ: g;feeczt Ii\gLreb;l:::I:g %theI; Itshglf/\(/)elfﬁyvri]c(ijtm K. These observations are consistent with our conjecture
or the influences of tunneling escape time on the spectra line

becomes wider. In addition, as seen in Fig. 2, the transitio

peak energy of the 2-MI(3-ML) barrier SL is located by Shape.
~21 meV (9 meV) lower than the 6-ML barrier SL due to
the reduced quantum confinement by the thinner barriers.
This reduction of the confinement is also seen in the case of To confirm our interpretation for the origin of the spectral
L,=22 ML SL’s. But the reduction of the resonance energylinewidth enhancement when decreasing the ultrathin barrier
observed with decreasing the barrier thickness is muckhickness, we have performed theoretical calculations of tun-
smaller than the case of narrower well SL’s, as expected, andeling resonances using the transfer matrix methadthin
found it to be about 5 meV when compared with 2- andthe effective mass approximation. For the calculational sim-
4-ML barriers. Here we assume that the experimental lineplicity, we have approximated the SL structure by the double
width is determined by the sum of the homogeneous linebarrier QW as shown in Fig. 4. This is because under the
width and the inhomogeneous broadeningt I nom, fol- high-electric-field conditions the zeroth-order Stark ladder
lowing von Plesseret al?® and Leeet al®® In the usual state is well localized in a central well and effectively con-
isolated quantum wells, the line shape of the optical transifined by a pair of barriers. Furthermore, the inclined electro-
tions is practically dominated by tH&,,,,» and also by pho- static potential under the electric field was approximated by
non interactions at higher temperatufé$® However, when the flat one with stair casé8.1 nm/stepto avoid numerical

the coherent tunneling time; of the particle wave packet is complications of Airy functions. In the transmission prob-
extremely short for the ultrathin barriers, thg, (=%/77) ability calculations, the different effective masses of the par-
value due to the tunneling escape can be as large as the ord&@le in the well and in the barrier are accounted for and only
of magnitude of thel’;,,,m. The experimental results pre- theI band is considered. A conduction band offset ratio of
sented in Fig. 3, especially for the thinner barrier SL, are64/36 is assumed, and the electron effective mass ratios in
indeed reflecting this tunneling effect, that is, the lifetimethe well and barriers were taken to be 0.0665 and 0.15,
broadening. The spectral linewidth of the zeroth-order HHrespectively’’ Calculated results of the resonance level
Stark ladder transition is actually enhanced by about 12 meWroadening in the conduction subband are shown in Fig. 4

C. Tunneling escape time
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for the two series of SL structures. It is found that the level 01 2 3 4 5 ¢ Lg (ML)
broadening is very sensitive to the barrier thickness, as ex- e T

pected, and also depends on the well width. We have also 1000~ « Tsuchiva et al (Lz=62nm)
calculated the electric field dependence on the level broad- s Jackson et al (L;=58nm)
ening for the model structure and found that the value is not o Waho et al (CQW Lz=5nm)
significantly influenced, especially in the narrower well 00 4
cases, for the field strength up to 300 kV/cm. For example, thh's work
the calculated value of the electron tunneling resonance — theory
width AEwum at F=0 can be as large as 23 meV for the
thinnest barrier ofLg=2 ML when the QW width is
L,=11 ML. It increases slightly to 24 meV wheh=280
kV/icm. Furthermore, when the barrier thickndsg is de-
creased from 6 to 2 M3 ML), the calculated resonance
peak energy in the conduction subband is reduced-By7
meV (3.0 meV). This reduction of the resonance energy is in
agreement with the experimental shift of 21 mé¥ meV)

for the leading zeroth-order Stark ladder transition, although
the calculated shifts are smaller than the experimental values.
For heavy holes, on the other hand, all cases show much
smaller resonance widths and smaller shifts in energy are
observed with changes of the barrier thickness, and we will
consider only the electron tunneling processes hereafter.

It is interesting to use the observed linewidth broadening 0001
for determining the coherent tunneling escape time T B B
mr=h/AE wnm DY the uncertainty principle. We emphasize 0 2
that the tunneling time discussing here through the extremely BARRIER  THICKNESS  Lg(nm)
th.m bar_rlers is usually very dlfﬂcglt to measure directly even FIG. 5. Tunneling escape time from GaAs/AlAs heterostructure
with using modern ultrashort optical pulse lasers due to pho- . : )

. . . systems as a function of the AlAs barrier thickness.
togenerated carrier relaxation problefidn Fig. 5 the cal-
culated 71 value is shown together with the experimental
values deduced from the measured linewidth enhancement.
Although the theoretical values are located slightly lower Band-edge optical absorption spectra in two series of
than our experimental points, the barrier thickness depenyonolayer-controlled GaAs/AlAs superlattices ipa-n di-
dence is well explained by the tunneling escape mechanismgqe configuration are studied by low-temperature photocur-
Similar agreement between experiment and theory is als@unt spectroscopy. It is experimentally found that, in the limit
obtained for the wider SL samples with =22 ML. In Fig. - of high-electric-field conditions, the linewidth of the domi-
5 the tunneling escape time measured by other gf8dp$®  nating zeroth-order heavy-hole Stark ladder transition in-
is also included based on the different experimental methodgreases with systematically decreasing the barrier thickness,
for the relatively thicker barrier region around 2 nm. Experi-\yhich exceeds the usual inhomogeneous broadening. This
mental uncertainties of the time constants obtained by thgnewidth enhancement also depends on the well width. This
optical pulse techniques are due to the radiative recombingsynancement effect together with the observed redshift when
tion process as well as the photogenerated charge effecie parrier thickness is reduced is consistently explained by
These effects might explain the reduction of measured timeng rapid tunneling escape of electrons due to the quasibound
constants arountdg=2.7 nm, which are significantly devi- natyre of Stark localized eigenstates, i.e., by the lifetime
ated from our observed trend because of the stronger Coroadening. This resonance energy broadening due to the
finement effect. Wahet al™ used a completely different conerent scattering by tunneling is used to determine the
method from others based on the high-frequency charactefynneling time by the uncertainty principle. The tunneling
istics of resonant tunneling transistors to indirectly deducgjme thus determined and the barrier and well width depen-
the tunneling transit time. In general, the experimental tunyence show good agreement with the values deduced from
neling escape time and theg dependence are consistent the confined electron level broadening for the biased double-

with the previous results for GaAs/AlAs heterostructure sySyarrier quantum-well structures based on simple transfer ma-
tems. However, there exist some quantitative differences b&yix calculations.

tween them. It seems that our experimental tunneling times

are systematically larger than the calculated curves. It may

bg related to pther processes which are neglt_acted in our ACKNOWLEDGMENTS
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