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ABSTRACT - Resonant enhancement of tunneling rates of electrons in p-i-n quantum 
well structures is observed with the technique of picosecond pump-and-probe 
electroabsorption. Results compare well with recently published time-resolved 
photoluminescence data. When measuring resonance fields with photocurrent 
spectroscopy, we find that there is a small, but measurable shift between the "resonance" 
fields of the two excitonic transitions involving the same hole state (n=l), and the two 
resonating electron states (n=l and n=2). We explain these results in terms of electron
hole Coulomb interaction, which must be taken into account in any optical measurement. 

INTRODUCflON 

With the advent of semiconductor quantum well materials and their remarkable optical 
and electrical properties, the research of tunneling and resonant tunneling has changed 
from the purely electrical measurements concentrating on negative differential resistance, 
to a variety of optical and combined electro-optical measurements. An enormous amount 
of steady-statel-3 and time-resolved4-9,1 photoluminescence, photocurrent10-12, 
absorption13 and electro-absorptionl4-18 data have been published over the last two years 
alone, contributing to the clarification of many of the fundamental questions of tunneling, 
such as: tunneling times and their dependence on the height and width of the potential 
barriers4-11.14-18; resonant tunneling and resonant fields6,10-16; charge accumulation in 
the quantum wells 1-3, 13 ; coherent or sequential tunneling2. 19; scattering processes 
occuring during tunnelingl9 . Common to all the time-resolved methods is the 
photoexcitation of a short pulse of carriers, and the monitoring of its subsequent time 
evolution. In photocurrent measurements10-12, carriers are created in one of the contact 
layers of the sample, and the current transient transmitted through the quantum well 
region is detected. In absorptionl4-18 and photoluminescence experiments4-9,l1, the 
electron-hole pairs are created directly in the quantum well region. The carrier escape 
times can then be determined from the decay time of the luminescence emitted when 
these carriers recombine in the very wells they were created4-9,ll , or from the rise time 
of the electroabsorption signal, observed when these carriers are separated under the 
influence of an electric field l 4-18. 
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In the following we shall review our picosecond electro-abso~tion study of the escape 
mechanisms of carriers in GaAs/AIGaAs quantum wells l 5-1 . We find evidence for 
resonant tunneling of electrons. We also observe effects of "resonance" in the steady
state absorption spectra 12. Only by including the Coulomb interaction and using an 
exciton model are we able to fully reproduce the field dependent exciton energies around 
the resonant field. Our conclusions have general applicability to all interband optical 
resonant tunneling experiments. The following Section describes shortly the time
resolved electroabsorption technique and our results, which we compare with recently 
reported time-resolved photoluminescence and photocurrent data. In Section 3 we 
discuss the measured values of the tunneling times, while Section 4 deals with the 
determination of the resonance fields. Our conclusions are presented in Section 5. 

TIME RESOLVED ELECI'RO-ABSORPTION: SAMPLES, lECHNIQUE AND 
RESULTS 

In the time-resolved electroabsorption method, a train of picosecond laser pulses (pump -
dashed beam in FigJ) is used to generate carriers in the quantum well region of a 
reverse-biased p-i-n diode. The plane of the quantum wells in Fig.l is vertical; the field 
is applied perpendicular to the quantum wells. Carriers are created in vertical "sheets" in 
all the wells along the path of the beam. As either the electrons or holes or both are 
emitted from the wells (see Fig.2), they are pulled towards their respective electrodes by 
the bias field. Their separation reduces the voltage locally in the region of the spot by 
AV. Through the quantum confined Stark effect20 , AV induces a change Aa in the 
absorption coefficient, thus a change AT in transmission. The farther the carriers 
separate, the larger the change; it will be maximum when they reach the electrodes. We 
monitor A T(t) with a second train of weaker laser pulses of the same wavelength, delayed 
by a time t (probe - empty beam in Fig. I). The large changes Aa(t) due to the Stark shift 
of the excitonic absorption peaks20 make this method very sensitive and particularly 
suitable for the study of quantum wells. The spectrum of Aa reflects the blue shift of 
these peaks due to the reduction of the applied voltage by A V. Its strongest feature is at 
the wavelength of the HII excitonic transition (between the n=l heavy-hole and n=l 
electron) which is where all our measurements were done. 

In our experiments, both beams were derived from a synchronously pumped Styryl 9 dye 
laser (780-87Onm tuning range, 6-IOps pulse width, 80MHz repetition rate) focused to 
-25""m diameter spots coincident on the sample. The average optical powers were kept 
low: 2Q-50""W (O.24-0.6pJ per pulse) for the exciting beam, and 5""W for the probe. The 
number of photoexcited carriers per pulse was (2-5)xlQIScm-3. The samples were 
grown by molecular beam epitaxyI2.14-18. They consisted of p-i-n structures containing 
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Fig.l Schematic description of pump-and-probe geometry. 



GaAs/AlxGal_xAs quantum wells sandwiched petween AlxGal-xAs n anq p cqntact 
regjons. Well and barrier thicknesses varied: 65A and 95A for the wells, 35A, 57 A and 
65A for the x=O.3 barriers. The total number of wells was varied between 65 and 80, to 
give a total thickness of -I JlIIl. Using photolithographic techniques, contacts were made 
to the doped regions, with lOOIJ.mx2OOIJ.m windows on the p side. The samples were 
antireflection coated, and for the transmission measurements the substrate was etched 
away. 

Fig.2 Electrons and 
heavy-hole holes in 
their n=1 states are 
created along the path 
of the pump beam, via 
absorption of photons 
of energy H 11. The 
electric field 
perpendicular to the 
wells pulls the 
carriers apart 

An example of the time-resolved data obtained at different applied biases is shown in 
Fig.3. These curves are normalized to the same exciting power and the same value of the 
absorption coefficient. The normalization can be done because the magnitude of 
~a - ~ V, which, in turn, is determined by the total number of the photoexcited carriers, 
thus by the power of the exciting beam. We have checked this proportionality for 
incident powers ranging from 5-IOOIJ.W, which also indicates that there is no space
charge build-up. We observe ~T IT - (0.04-0.20), for which we estimate ~ V between 
0.4-2V. It is clear from Fig.3 that both the rise and decay times of ~a are field 
dependent While the rise time t is determined by the escape of the carriers from and 
their transport through the quantum wells along a path confined to the diameter of the 
laser beam, the amplitude and decay of the signal are related to the lateral propagation of 
~V over the area of the electrodes. We have shownl6.17 that the overall time dependence 
of ~ V is given by the convolution of the rising exponential (1 - exp(-t/t» with the 
decaying function (1 + t/te), where te is the diffusive time constant. Here te = ~RA CA , 

with w the diameter of the exciting spot, RA the surface resistance of the electrodes, and 
CA the capacitance per unit area in the intrinsic region of the diodes. For our samples and 
spot size, te - 5ps. For t>te, ~ V will start decaying before the majority of the carriers 
arrive at the electrodes, resulting in a small and very slowly rising signal (see, for 
example, curves 1,2 in Fig.3). Hence our experiments are insensitive to any slow 
emission process. For t -te, ~ V can be built up to a larger value before it starts decaying. 
The result is a faster rising, larger signal (see curves 2,4 in Fig.3). While 1c is a constant 
for a given structure, t should depend on the applied field, because the carrier escape 
times depend on the applied field. This is what the data in Fig.3 show. The dotted curves 
are calculated with our complete diffusive conduction modeI16.17 . 

The key information regarding the carrier escape mechanism comes from the dependence 
of t on the electrical field, the barrier width and the temperature, which is illustrated in 
FigA and Fig.5, ~spectively. The ,data in FigA were obtained at room t~mperature, using 
samples with 65A wells and 57 A barriers (open diamonds), and 95A wells and 35A 
barriers (full diamonds) 18 . Clearly, a reduction in the barrier width at constant height 
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Fig.3 Room temperature difem:ntial 
absorption vs. time delay after 
excitation. Solid lines: experimental. 
Dotted lines: calculated. The curves 
com:spond to the following values of 
the applied fields and rise times t: 
(l)l.OxlOSV fcm. 515ps; 
(2)1.2xlOSV fcrn. 6Ops; 
(3)1.6xlOSV fcm. 12Ops; 
(4)2.4x loS V fern. 25ps. 
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FigA Room temperature carrier 
escape times vs~ reverse bias for 
samples. with 57A (open diamonds) 
and 35A (filled diamonds) barriers. 
Al concentration in barriers: x=O.3. 
(Reproduced from Ref. 18). 

leads to a reduction of the sweep-out time. There also is a a sharp decrease of t with 
applied field in both samples. as the field reduces the effective barrier height. And, 
finally. there is apparently no temperature dependence of the sweep-out time (Fig.5). at 
least not in the voltage range where we obtain measurable signals. All these facts point to 
the conclusion that the escape mechanism we are dealing with here is tunneling. 
Moreover. there is a minimum in the field dependence of t. indic~ting that conditions for 
resonant tunneling are satisfied. It occurs around lOY for the 57A barrier sample. which 
is when the n=1 electron level (el) in one well is aligned with the n=2 level (e2) in the 
adjacent one (see Fig.5. left). This means that we obs~e resonant tunneling of 
electrons. The same effect is expected around 7V for the 35A sample. but is not quite so 
clearly resolved there. because the tunneling time is less than the effective -6ps 
resolution of the experiment. The time resolution of the method is in fact determined by 
the transport dynamics. rather than the laser pulse width: once the carriers have escaped 
from the wells. they take a time of the order of lOps to drift -11J.Il1 in the field. at a 
saturated velocity. of -107cmfs. Particularly remarkable is the sweep-out time of only 
-lOOps for the 35A sample at low voltages. indicating the potentially high speed limit for 
devices using this structure. This was indeed confirmed recently by Boyd et al.21, who 
measured a switching time of 33ps for a SEED device made using the 35A barrier 
sample. 

In conclusion. the data in Figs.4 and 5 provide strong evidence for resonant tunneling of 
electrons. This compares well with recently reported data obtained from time-resolved 
photoluminescence6,7.11 and photocurrent 11 experiments: the field dependent decrease 
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Fig.S Right: Comp!lrison between calculated and measured electron tunneling times for 
the sample with S7A barriers. Circles: data at 300K (open) and lOOK (filled). Curves are 
calculated for various barrier widths Lb' Left: At fields below and at resonance, the 
resonant transmission peak vs. energy is schematically shown, together with the 
conduction band and the relative positions of the confined levels in adjacent wells. ~ is 
exaggerated for clarity. 

of electron tunneling times with a minimum at resonance was observed at the e l-e2 
resonance6,l1, and even at the onset of optical-phonon assisted resonance 7. The 
phonon-assisted resonant tunneling times were longer than the direct tunneling times. 

Our experiment does not provide any direct information regarding the escape mechanism 
of the holes. The absence of space charge effects indicates that the holes eventually 
escape, too. One would expect much longer tunneling times for the holes, probably not 
detectable in our experiment. Long hole tunneling times were indeed observed recently in 
time-resolved photolumine~cence measurements19 , where even at resonance, the 
tunneling time through a 50A barrier did not decrease below 1200ps. 

RESONANT TUNNELING: TUNNELING TIMES 

In order to estimate the electron tunneling time and its dependence on the electrical field, 
we used a simple resonant transmission program20 . We determined the tunneling time as 
'tT = 21i/~, where ~ is the width of the calculated resonant transmission peak, as 
illustrated in the left side of Fig.5. Only two of the quantum well periods were taken into 
account in the calculation, because after tunneling through the second barrier, the 
electron is effectively unconfined, and can travel at the drift velocity corresponding to the 
applied field. The parameters used in the calculation were: electron mass of O.067mo in 
GaAs and O.092mo in AIGaAs (mo is the free electron mass); a conducqon barrier height 
of 260meV (corresponding to an offset ratio of 67:33); well width of 65A. The tunneling 
tintes plotted. in the right side of Fig.5 were calculated for barrier widths varying between 
50A and 62A. The qualitative behavior is remarkably well reproduced: after a slight 

335 



initial increase of tr at low fields due to localization of the wave function in the skewed 
well, a steeply decreasing tr is obtained, with a minimum corresponding to the el-e2 
resonance. However, the measured times are much longer than the calculated ones, the 
more so near resonance. This clearly indicates that our simple coherent tUMeling 
calculation neglects important factors, such as the effects of collisions or recapture by 
intersubband relaxation. It was recently shown19 that relaxation in the final well and 
collisions break the coherence of the tunneling process and lead to considerably longer 
tunneling times. 

RESONANT TUNNELING: RESONANCE FIELDS 

We discuss here in more detail the effects of the electric field on the coupling between 
confined states in a quantum well structure. The size of these effects was quantified both 
experimentally and theoretically in the recent work by Fox et al.12• In the following we 
shall briefly review the most significant findings of that work. As sketched in the left 
side of Fig.5 and in more detail in Fig.6, by applying an external electric field F 
perpendicular to the plane of the quantum wells, the confined levels of the carriers 
(electrons, for example) in the different wells can be adjusted with respect to each other. 
For most fields the particles are localized in each of the wells, having narrow, well 
defined energetic levels. At certain fields Fres the levels of adjacent wells line up with 
each other, which delocaIizes the states and causes a broadening ~ of their energy, as 
shown in Fig.5. The levels repel each other as they are brought into resonance and, for a 
strong enough coupling between adjacent wells, they split. ~ becomes then the 
minimum level separation. 

As shown in Fig.6, there are two optical transitions associated with the resonating el and 
e2 electronic levels: the direct, intrawell transition from hhl to el (indicated by solid 
vertical arrows), and the indirect, interwell transition from hhl in one well to e2 in the 
adjacent one (indicated by the broken arrows). The interwell transitions have a very 
small oscillator strength below and above Fres because the e2 electron and the hhl hole 
are localized in adjacent wells. and there is a very small overlap between their 
wavefunctions. At Fres the el and e2 levels coalesce to give two delocalized levels with 
approximately equal wavefunction amplitude in each of the two wells. Thus, there will be 
two equally strong optical transitions at resonance, separated by~. It is possible to 
measure ~ by tracking the optical transition energies as a function of the applied field. 
In the simplest picture of the coupling, the exciton energies follow those of the resonant 
single particle levels, and ~ can be read directly from the spectra as the minimum 
splitting of the excitonic lines. However, since the level splitting and the exciton binding 
energies have very similar values (5-lOmeV), Coulomb effects are expected to 
significantly affect the spectra. In the work by Fox et. al12 it was found that the field for 
minimum exciton line splitting differs from the true resonant field. In the following we 
very briefly discuss this important result. 

Photocurrent spectroscopy was used to study the behavior of the excitonic transitions in 
coupled quantum wells. The Hil and Hl2 transitions were followed as a function of the 
field applied perpendicular to the quantum wells. Both transitions start on the hhl level; 
one terminates on the e I level, the other on e2. Therefore both transitions should be 
affecteq by the el-e2 resonance. Fig.? illustrates results obtained on a sample with 95..\ 
and 35A, x=O.3 barriers. Anticrossing is observed at -7V, with a minimum splitting of 
-4.5meY (Fig.7(a». Similar behavior is observed for the Hl2 transition (Fig.?(b», but 
the minimum splitting occurs at a different field, which at first glance is a surprising 
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Fig.6 Band diagram of three 
coupled wells, shown for 
fields below, at and above 
resonance. Solid vertical 
arrows: intrawell transitions. 
Broken arrows: interwell 
transitions. Note that at 
resonance both arrows are 
solid, indicating mixing of 
the states. 

result Not any more, though, if one considers the effects of the Coulomb interaction on 
the excitonic levels12, as wil be argued in the following. 

Discussing the HII transition first, note that below resonance the intrawell exciton has a 
binding energy of -8me V. The interwell exciton, on the other hand, has a reduced 
binding energy, because the electron and the hole are localized in different wells22 • On 
sweeping through resonance, the two transitions change character, and their binding 
energies switch over. Were the binding energies equal, this transition would occur at Fres , 

the field at which the bare electron levels el and e2 align. But because of the different 
bindiny energies the field at which the excitonic levels align is shifted. It has been 
shown 2 that the shift is toward higher values for the HII pair. and toward lower values 
for the Hl2 pair. The results of the complete variational calculation of the exciton 
binding energies and wavefunctions are plotted as solid lines in Fig.7. The agreement is 
fairly good over the entire voltage range studied. The exciton binding energy away from 
resonance is calculated to be 8meV for the intrawell exciton. and 3.7meV for the 
interwell exciton, which compares favorably with published estimates22 . 
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Fig.7 Measured low temperature. (T=30K) 
exciton energies in a sample with 35A barriers. 
(a) Hll (b) H12. Solid lines: calculated with 
full excitonic model. The subscripts referr to 
the number of wavefunction nodes: one for the 
lower energy state. two for the higher. 
(Reproduced from Ref.l2). 

We conclude this Section by noting that in optical measurements of resonant coupling, 
the field dependence of the exciton line splittings cannot be identified with the single 
particle splittings. A full exciton model is required to explain the data completely. 

337 



CONCLUSIONS 

We have briefly discussed our results obtained from optical measurements of tunneling 
times and resonant fields. Our time-resolved electroabsorption data, in agreement with 
recently published time-resolved photoluminescence and photocurrent data, clearly 
indicate resonant enhancement of the tunneling rates of carriers. There is evidence that 
coherent tunneling cannot account for the measured tunneling times, and that scattering 
and relaxation processes slow down tunneling rates. We have also shown that the 
resonance fields measured by optical means involving excitons are different from those 
calculated using the single particle picture, and that the inclusion of the Coulomb 
interaction fully accounts for the difference. 
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