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We apply intersubband electroabsorption spectroscopy to a current-carrying multiple quantum-well structure
device, in order to simultaneously measure the steady state carrier density and the average time carriers spend
in each quantum well. By comparing our measurements with a simple quantum mechanical tunneling model,
we show directly that electrons sequentially tunnel through the periodic quantum structure. In addition, we use
photoinduced absorption spectroscopy to measure the effect of the applied electric field on electron states
within the minibands in the energy continuum. We show that already at relatively small fields, the optical
transitions into the continuum minibands merge into a single spectral band. Using an eight-band model, we
explain this observation in terms of field-induced miniband state localization.

[. INTRODUCTION than that due to transitions betweeh and the continuum
minibandsC, . In previous studies we reported on the obser-
The energy spectrum of an ordered array of quantunvation of these continuum minibarfefsby means of optical
wells (QW'’s), separated from each other by a barrier, is com-absorption due to optical transitions from occupied elec-
posed of allowed minibands and forbidden minigaf$iese  tron states to “empty” electron states in the minibands. In
minibands are formed from the discrete spectrum of the inthis work we apply bias to an undoped periodic MQW struc-
dividual QW's due to the overlap between wave functions ofture, embedded between twedoped semiconducting re-
neighboring QWSs. As a result, the energy width of a particu-gions (a n-i-n device. We simultaneously measure the cur-
lar miniband decreases with the barrier width and increasesent and intersubband absorption under bias application.
with the energy of the miniband. It is common to distinguish Thereby, we study both the effects of the electric field on the
between the discrete and the continuous part of the spectruMQW continuum minibands and the tunneling of carriers
at energies below the barrier potential and above it, respe¢hrough the periodic potential. We demonstrate that the con-
tively. In the first part, the carrier wave functions are stronglytinuum minibands are dramatically affected by the applica-
localized, their overlap is negligible, and the energy mini-tion of relatively small electric fields. This is qualitatively
bands are almost discrete. In the latter part, the wave fune@xplained in terms of field induced miniband electron wave
tion overlap is considerable and the carrier wave functionsunction localizatiorf"®> The magnitude of the effect is quan-
are coherent over many periods. The energy spectrum is theiatively accounted for by our eight-barid p model. The
composed of minibands that are separated by forbiddegpility to simultaneously measure both the current and the
minigaps. At even higher energies, these minibands becomgduced intersubband absorption in our specially fabricated
wider, the minigaps shrink, and the spectrum becomes coryeyjice allows us to evaluate the carrier tunneling times di-
tinuous. In Fig. 1a) we present the calculated dispersion yectly. These, in turn, are favorably compared with estimates
curves for a multiple-quantum-welMQW) structure, where  pased on simple quantum mechanical calculations with no
each period is composed a 6 nmthick In,Ga_,As QW gcattering.
and a 30-nm-thick InP barri¢Fig. 1(b)]. The band structure
displayed in Fig. (a) consists of two confined leve(gl and
e2), with energies below the barrier potential, and a set of Il. EXPERIMENTAL DETAILS
minibands(C,,, n=3,4, . . ) with energies above the barrier.
The calculated intersubband absorption spectrum of such a The device we used contains a MQW embedded within
structure with electron population in iel level is presented the intrinsic region of an-i-n structure. It was grown by
in Fig. 1(c). We note that the absorption due to optical tran-metalorganic molecular beam epit&yn a semi-insulating
sitions between the confined state$-e2, is much stronger (100)-oriented InP substrate. The MQW contains 25 periods
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FIG. 1. (a) Calculated conduction subband
dispersion curves vs the in-plane wave vedtor
for the InysGay 1A MQW shown in(b). The
dashed horizontal line marks the Fermi energy
for which the calculated intersubband absorption
is shown in(c). (b) Real space representation of
one period of the MQWn=1 and 2 correspond
to the confined energy levelsl ande2, respec-
tively. n=3, 4, ... correspond to the continuum
minibandsC,,. (c) The calculated intersubband
absorption spectra of the device.
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of 6-nm-thick Iny s:Ga, ,As QW and 30-nm-thick InP bar- The electroabsorptiofEA) and photoinduced absorption
rier in each period. The device is schematically described ifPIA) spectra were obtained by measuring the changes in the
Fig. 2. The top contact layer is a 90 nm thick 5 intersubband absorption due to modulation of the applied
%108 cm ™2 Sn-doped IpsGa, 4/As layer capped by an 80- Voltage and the interband exciting laser beam, respectively.
nm-thick InP cap layer. The bottom contact layer is aThe nominal electric field due to the applied voltageis
370-nm thick Sn-doped i {Ga, ,As layer separated from determined from the sample geometry and is givenFoy
the intrinsic region by a 200-nm-thick InP buffer layer. The =V/d, whered=1.4um is the effective width of the intrin-
layer dimensions and compositions were determined bwiC region along the field direction. For PIA we used the
high-resolution x-ray diffraction measurements. 514.5 nm AF line as the pump beam, which was modulated
The device is biased by two metal electrodeandB that ~ at =1.6 kHz. This modulation frequency is orders of magni-
were deposited on the top and bottom contact layers, respet}lde slower than the excess carrier recombination and tun-
tively, using standard photolithographic techniques. Theheling ratessee belowand thus only the in-phase modula-
sample was prepared as a multipass waveguide for the infréion signal was considerddWe used a step-scan Fourier
red radiation by polishing its sides at a 45° an(ffég. 2), transform infrared (FTIR) spectrometer, with a Nernst
enabling intersubband absorption measurements using @ower as the probe beam, where the modulated signals were
p-polarized infrared bearn. measured using a lock-in technique. For the PIA measure-
. ments, the phase was fixed by allowing part of the pump
Top view Side view beam to be detected directly by the detector. We note here
that in the process of Fourier transforming the measured
Vs transmission signal, the sign of the measured signal is lost,
) and the deduced differential absorption spectrum is always
— i positive. We determined the actual sign of the measured dif-
\ ferential spectra utilizing a sign-sensitive monochromator
setup® Unless otherwise noted, the data presented below are

— corrected for the sign of the modulated absorption. For the
- N EA measurements the phase was nullified directly on the
) signal, since we verified by the sign-sensitive setup that it is
g ,,/ in phase and increases with the applied voltage. All measure-
(Il 1 ments were done at low temperatures around 6 K.
\

Ill. CURRENT-INDUCED INTERSUBBAND ABSORPTION
BETWEEN CONFINED ELECTRON STATES

IR probe / J o ) ) ]
/ A. Determination of the carrier density during current

N injection
20nm InP The application of a bias =V, — V) to the terminals of
B " 90nm n doped InGaAs our monopolar devicéFig. 2) results in two simultaneous
1 : s 25x(6nm/30mm InGaAs/InP) effects:(a) Electrlc field is being bu!lt in the intrinsic region
s 2000m 1P of the device along the superlattice growth directigby
370mm n doped InGad Electrons are injected into the intrinsic region and then tun-
' p s nel through the barriers of the potential structure. The first
Semi-Insulating InP effect influences mainly the spectral shape of the absorption,
Front view while the second determines mainly its magnitude. We use

FIG. 2. Schematic description of the device under study. Its topthese features of the intersubband EA in order to gain better
front, and side views are shown. The metal wiresand B are  understanding of the processes by which the electrons tunnel
connected to the top and bottom contact layers, respectively. into and are captured by the QW'’s.
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Electric field (kV/cm) tions are presented in Figs(a# and 4b), respectively. The
spectra in Fig. 4 display the absolute value of the modulated
EA signals, directly as measured by the FT§ee Sec. )l
The main spectral feature observed=et53 meV is due to
the el-e2 optical transition between the two confined elec-
tron states. The spectral position of this transition is almost
independent of the applied bias. In particular, the expected
spectral blue shift of thel-e2 transitior?"'%is not observed.
This indicates that the electric field in the intrinsic region of
the device is quite smal<20 kV/cm, see beloy Thus, the
observed changes in the EA spectra must be due to the
. . . . 1-8 voltage-induced electron current through the device.
———T———T—— The EA signal increases with applied voltage for both
084 polarities. Since our lock-in modulated technique measures
-’ (0) {0 only the changes in absorption due to the bias voltage, direct
] ‘ integration of the EA spectra yields the net integrated ab-
sorption due to the voltage-induced current. At each bias
voltage, the added steady-state electron density was then
quite accurately extracted from tlel-e2 absorption band
by comparing it with our eight-bankil- p optical absorption
model calculations! The carrier densities thus obtained are
presented in Fig. @) as the solid squares. We note that the
- electron density is an increasing function of the injected cur-
Voltage (volts) rent. The ability to directly correlate the accumulated elec-
FIG. 3. () Solid line: Dark current vs voltagé {V) curve of the f[ron density in the QWS’ as independently measured by the
device. The symbols represent the corresponding carrier densitidgtersubband absorption, with the measured electron current
deduced from the measured intersubband absorption spectra, THeUnique to our technique. We can accurately determine the
top scale displays the electric field as estimated from the applie@Vverage QW carrier density for a given current through the
voltage and the sample dimensiofis) Calculated(solid line) and ~ device. We use this ability in order to obtain the average
measuredsymbmg electron tunneling times vs the applied b\s time that an electron spends within the superlattice. This im-
The measured times were deduced using(fEg.The top and bot-  portant quantity is usually estimated using various assump-
tom dashed lines represent the uncertainty in the calculated timggons and models in which the electron “capture time” is
due to 1 monolayer structural and 1% compositional uncertainty. indirectly extracted from the experimental resdft3
The data presented in Fig(e3 imply a one to one corre-
In Fig. 3@ (right axis, solid ling we present tha—v  SPondence between the electron density in the first level of

characteristics of the device. The current through the devict® QW's €1) and the current through the device. If we
is nearly proportional to the voltage applied to it. This clearlydenote by the time that an electron spends in the MQW
indicates that the electric contacts are ohmic. In Fig. 4 wetructure, the following relation applies:

show a set of EA spectra for various bias voltages applied to J=N/7 1)
the device. EA spectra that were obtained under negative ’

(i.e., Vo<Vp) and positive(i.e., Vo>Vpg) voltage modula- whereJ=1/eAis the electron flux densityA is the area of
the device cross section, ahtlis the electron sheet density.
Using the experimental data presented in Fi@) &nd Eq.
(1) we calculatedr. The results are plotted in Fig(l3 (left

| (@ (b 128 : . . .
08 i)/\{ IO" IO o ] axis, symbolsas 7 vs the bias voltag®’. For negative bias,
: \ sav [ T ey _ : orn
| I 2.4 7is =0.4 usec at low absolute bias, and it slightly decreases
J‘\rwé’& | J 22 ] as |V| increases. Similar behavior is observed for positive

06 JL% I J ] bias, except foV<0.6V, where an abrupt increase s
J\/\Ji . /\f\—wﬁﬁ 16 observed a¥—0.

2
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E 04 qj&\ﬁd\,ﬁ; — \,_Aﬂ_tt_ > Since the measurements were performed at low tempera-
< M " 13 r LB_—- 123 tures (6 K), the only effective transport mechanism to be
.M/J, a2 1L HL_J_O,; 08 considered is tunneling. This means that with the application
0.2 M\J}u . 7 of an external electric field the tunneling becomes easier. We
M __/j\uhgz— 0.4 theoretically estimated the effect of the external field on the
MM SV NS E tunneling by calculating the lifetime of thel level. This
0.0 L 200 was done in the following way. We first calculated the trans-
0.12 0.16 020 012 0.16 0.20 mission probability of an electron through the periodic struc-
Energy (eV) Energy (eV) ture under an applied electric field using the resonant tunnel-

FIG. 4. Absolute value of EA spectra for negatii& and posi-  ing methodt* In the calculations we included the electron
tive (b) bias applied to the device, as measured in the FTIR specnass dependence on the enef@yand nonparabolicity'®
trometer(see Sec. )l The transmission probability as a function of energy shows
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typical resonances associated with the electron levels and 0.15 T T T 04
minibands. The full width at half the resonance maximiiin, ‘ (b) .

yields the resonance level lifetime=#/T". Therefore, the 0.10 L {12V o3
el level lifetime is the time that an electron spends on aver- I ov |
age within the MQW structure before it tunnels out of it. In 0.05 i 102

reality, this description is valid as long as the electronic wave
function is coherent along the whole structure. The electronic
coherence length is limited, however. In particular, in the L - 101
presence of a large electric field, it may not exceed more than %[ ; 1 kAAW
one or two periods. This means that the lifetime calculated | : w v 0.0
above represents only the dwell time for an electron within 010F | J

the MQW part in which its wave function is coherent. Phras- L L
ing it differently, this means that electron tunneling across 0.12 0.16 020 0.12 0.16 020
the MQW is essentially a sequential process, and not a co- Energy (eV) Energy (eV)
herent_one. Therefore, thecalc.ulated above re prese.nts the FIG. 5. EA spectra for negativi@) and positive(b) device bias.
dwell time for electrons in a §|ngle QW. In Fig(t3 (”gh,t For each polarity, the solid line represents the measured spectrum
axis) we present by the S_OI'd line the calculated dwell tImeS(including the sign, see Sec),llthe positive(negative dotted line

as a function of the applied voltage on the MQW structureepresents a single Gaussian fit to the biagetlo biag spectrum,

assuming that the voltage drops entirely within the intrinsicang the dotted-dashed line is the algebraic sum of the two Gauss-
region of our device. The dashed lines in Figh)3mark the  jans that best fitted the measured EA.

uncertainties in our calculations, assuming. monolayer
uncertainty in the MQW structure and 1% uncertainty in itsand negative bias, we note that the area under the EA curves
QW composition. For comparison, we display by squares ins practically polarity independefFig. 3(a), left axis]. This
Fig. 3(b) (left axig) the experimentally deduced dwell times. proves, as expected, that the current-induced steady-state
Surprisingly, our calculations yield times that are roughly aQW electron population depends only on the current magni-
factor of 4 shorter than the experimentally deduced onesude, and not on its direction. We attribute the bias polarity
This may result from an inhomogeneous current distributioriinewidth dependence to the structural asymmetry of the
in our device, which leads to a smaller effective device arean-i-n device. Whereas for negative bias, electrons must get
We conclude that by simultaneous measurements of the cutarough a 200-nm-thick InP barrier before they reach the
rent through a quantum structure and the intersubband abAQW region, for positive bias they tunnel only through a
sorption that is induced by this current, one can estimate thB0-nm-thick barrier. Therefore, the electrons are injected into
time that carriers spend within the quantum structure. At lonthe MQW region with much higher kinetic energy when the
temperatures, these dwell times are in reasonable agreemetgvice is under negative bias. The electrons are thus effec-
with simple quantum mechanical tunneling calculations.  tively “hotter” for negative bias and they occupy higher
in-plane momentum states. Due to the electron mass nonpa-
B. Line shapes and linewidths rabolicity, theel-e2 intersubband transition occurs at lower
. . energies for higher in-plane momentum states. Thus, hotter
We now turn to discuss the current and polarity depen-__ . : ; . X ; .
. . ” ._carriers give rise to intersubband line broadening with a
dence of the intersubband EA line shape. For positive blash istic | i simil h : |
voltage (/4> V) the width and the spectral shape of the EAC aracteristic lower energy tail, similar to the experimenta
AT B : - observationgFig. 4). We note here the similar broadening of
are nearly independent of the bias voltage and injected cur; - ;
. . , tpe el-e2 transitions observed as the temperature is rdised.
rents. In contrast, negative bias changes the line shape and its
spectral width considerably. In order to quantify these spec- g4

0.00

-AT/T

tral changes we used a two-Gaussian-line fit to the measure: ] _:,_ I :
spectra. In Fig. 5 we describe the fitting procedure. The .12+ 6K -
negative dotted Gaussian in Fig. 5 represents the absorptiol ] '-_ .
signal due to residual electrons within the MQW structure,  0.010- e .
when no bias is applied to the device, and no current flows ~ }-_ 1
across it. The positive dotted Gaussian represents the fitte@ 0.008 . ) .
current-induced absorption. The dotted-dashed line repre-g 1 e, l
sents the sum of the two Gaussians that best fitted the EAZ 0.006 ' . 7
spectrum(solid line). We see from these fits to EA spectra i 1
under various biases that the polarity dependence of the line  0.0041 " PR
shape is mostly due to bias-inducedl-e2 transition energy l = .-'.'-' ]
redshifts and line broadening. In Fig. 6 we display the width 0002 i

of the current-induced intersubband absorption thus ex- 7 5 o 4 o 123
tracted, as a function of the bias. A significantly broader i Vol

linewidth at negative bias is clearly seen. The linewidth in- Voltage (Volts)

creases from=3 meV at zero bias te=13 meV at—3 V. In FIG. 6. The linewidth of the current-induceal-e2 intersub-
spite of this drastic difference between the cases of positiveand absorption vs the applied bias voltage.
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05 T T T T T . T T 0.4
o FIG. 7. (a) Measured PIA under various posi-
% tive bias voltages. The electric-field values were
- s extracted using the sample dimensions, as ex-
= g’ plained in the text(b) Calculated intersubband
T ® absorption for various applied fields and at fixed
g carrier density of 5 10'*cm 3. The inset shows
) | S the calculated evolution of the minibands with
\ 2 the applied electric field. The tilted arrows in
® both (a) and (b) indicate the redshiftea&l1-C,
I \ o optical transitions.
0.0 : _O_J\\N/\,\__,‘_.
0.0
012 ) 0.1L4 L0.|16 OAI18 0.I20 0.12 04I14 0.116 O4I18 0,I20 0.22
Energy (eV) Energy (eV)
[V. CONFINED TO CONTINUUM ELECTROABSORPTION ing of the electronic minibands. This broadening and mini-

band mixing can be qualitatively understood in terms of

In addition to the' strongl-e2 absorpt|on’ peak, the """ Stark ladder formation and field-induced localization of the
tersubband absorption spectrum of MQW'’s contains als%ontinuum electron wave functiofs

weaker absorption peaks at higher energies. These absorp-

tion peaks, due to optical transitions of electrons from th%Nhich the various transitions shift to the red with the in-

confinedel level to the continuum minibandsare clearly A,
observed in the EA spectra of Fig. 4. Unlike the confined tocrease In bias, as well as the order of appearance of the

confined €1-e2) intersubband t - th spectral lines. The similarity of the calculated to the mea-
-ontl . ' u transition energy, e con-g, e |inewidths of the various transitions and their relative
fined to continuum €1-C,) transition energies decrease rap-

idly with the applied electric field. They merge with the intensities is of a lesser quality, however. This is probably

" o to the inh i the finite elect
el-e2 transition already at an electric field ef20 kVv/cm. due to the inhomogeneous broadening and the finite electron

. . - . . coherence length, which we do not consider in our calcula-
This effect is more clearly seen in the photoinduced intersubs g

band absorption spectra for various applied electric fields, ats|ons.
shown in Fig. 7. In Fig. ® we present the measured PIA
spectra excited with the 514.5 nm Alaser line, for various
bias voltages. It is apparent that already at very low applied We have demonstrated an experimental method for mea-
fields (<5 kV/cm) a substantial decrease in the energy of thesuring the steady-state carrier density in a quantum structure
intersubband transitions to the continuum minibands is obwhile current is flowing through it. The method is based on
served. This trend increases with further increase in the apneasurements of the intersubband absorption induced by the
plied field, as is clearly seen in Fig(&f. The dashed arrows current itself. Since at low temperatures the current is solely
in Fig. 7(a) mark the spectral evolution of thred -C,, tran-  due to resonant tunneling, the method allows determination
sitions, with the increase of the applied electric field. Theof the actual dwell time that carriers spend in the structure.
optical transition energies are redshifted with the electridy comparing our experimental measurements with a simple
field, eventually merging into a “single,” relatively broad, quantum-mechanical tunneling model, we conclude that the
transition, very close to the nearly unshifted-e2 transi- coherence length of electrons in the MQW structure that we
tion. We note here that the data presented in Fig) Were  study does not exceed more than one or two periods. Conse-
taken with positive bias voltage. Qualitatively similar behav-quently, the tunneling process must be sequential.
ior was observed for negative bias or while pumping with We also measured the intersubband electroabsorption due
1.06 um laser light(for which the InP layers are transparent to optical transitions to the continuum minibands. We show
under either bias polarity. that the energy position and the intensity of these transitions
In Fig. 7(b) we present the calculated EA spectra for com-are very sensitive to an externally applied electric field. We
parison with the measured data. For the calculations we utiquantitatively account for this behavior in terms of a theory
lize an eight-bandk- p method as detailed earli€t The cal-  that naturally includes the effects of field-induced Stark lad-
culations were carried out for a periodic structure of MQW’sder formation and miniband wave-function localization.
having the same dimensions and compositions as in the
present device. The broadening of the minibands due to the
electric field is shown in the inset to Fig(bj where the
energy levele2, together with the next three higher con-  This work was supported by the Israel Science Founda-
tinuum minibands are plotted as a function of the appliedion founded by the Israel Academy of Sciences and Hu-
field. The inset demonstrates that=al kV/cm the electric manities, and by the fund for promotion of research at the
field has already caused a considerable broadening and miXechnion.

Our calculations describe semiquantitatively the rate at

V. SUMMARY
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