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We report the current induced intersubband absorption arefféioe ofexternal electric field on

the mini-bands in the energy continuum of mgliantumwell superlattices. We introduce a
method by which, in n-i-n device, the steady state injected carrier density is directly measured,
while applying bias voltage. We alshiowthat already at relatively small electfields, the
continuum minibands merge into a single continuum band.|ats experimental observation

is corroborated by 8 bandk gmergy band calculations.

1 Introduction

In multi-quantumwell superlattices (MQWSL), states with energynsiderably
lessthan the barriepotential are degenerasad theirwavefunctionsare mostly
confined within one period of the periodic structure. In contrast, stateemétigy
greater than the barriers potential, form nondegenerate minibands of finite
bandwidth, separated by forbidden minigaps in whiehdensity of states strictly
vanishes. In a previous work [1], we reported observation of minibandsithin

the energy continuum of such MQWSL. Thesgnibandswere spectroscopically
observed by photoinduceatersubband absorption, in which the absorption due to
optical transitionsbetweenthe lowest photopopulated confined electrstate to
these minibands were measured.

Applying electric field, F, on MQWSL results in a relatively small blue shift of
the transitionbetweenthe confined states [2]. Ttedfect onthe continuunmini-
bands (Cn) is more dramatic. Even at small F, the band bertdinges a
localization of thewavefunctions which results imerging of the Cn's to a single
band. In thiswork we study electro-absorption (EAhd photoinduced absorption
(PIA), at various F, of the transitiorisetween twoconfined states (el-e2) and
between eland Cn, in alMQWSL structured n-i-n devicélhe el-e2 EAyields a
direct measure fathe injection-current inducesteady state population of el. The
el-Cn PIA lines merge into the el-e2 line with increasing F.

2 Experimental technique

The sampleused is a n-i-n structure grown by metalorganic molechkam
epitaxy (MOMBE) [3] on a seminsulating InP substrate, containing 25 periods of
604/3004 In,.Ga, ,,As/ InPundoped QW/barrier in itsitrinsic region. The first



contact layer is a 3760n-doped InGaAsfollowed by a2000A InP buffer layer.
The second contadayer is a 908 n-doped InGaAsfollowed by a 804 InP cap
layer. The dimensions of the samplere determined byhigh resolution x-ray
diffraction.

In order to apply electric field othe device, contacts were madethe doped
regions using standard photolithographic techniques, resulting in one large mesa of
42mm? . The samplevas fabricated as a multipass waveguid@bljshing a 45
angle on botledges to allow for an IR electric field componating the growth
direction. The PIA measurementgere doneutilizing the pump andprobe
technique [4], with an Arlaser forthe pump and a Nernst glowsource for the
probe.The samplevas placed in delium immersioncryostat with IRwindows.
All the measurementsvere doneusing astep-scan FTIR spectrometer where
changes in the absorption due to induced elefizid or photogenerated carriers
were measured using standard lock-in technique.

3 Results and discussion

EA was measured at 6K, while applying a square volteagpeeform onthe device,
at a frequency of 1.5kHZ'.he changes in the absorption due tawére measured
for various positiveandnegative voltages (V). At each voltagke carrierdensity
was extracted fronthe el-e2 EA by comparing it to the calculated absorption of
the structure.

An Ohmic |-V characteristic isbserved fothis device, as shown ifig. la.
The currentflowing through thedevice changes the population of the klvel,
giving rise to the el-e2'electro-absorption” observed ithis device. The
contribution of other electric fieléffects, in thesdow fields, is negligible. The
integrated EAyields then the carriedensity as explainedbove. The carrier
density thus extracted is shown in Fig. 1a vs. V.tisseethat by measuring the
el-e2 EA, we determine the averagell carrier density due tothe injection
current through théevice. We believe it ithe first direct methodor measuring
the current induced population in the well.

Furthermore, the ratio of the carridensity (as measured by EAnd the
carrier flux (as extracted from 1-V) is a measure tbe average time a carrier
spends in thevell ("dwell time"). Fig. 1bshowsthe dwell timethus extracted as a
function of V. As seerthe dwell time decreases mildly wiihcreasing |V|. At 6K,
the only effectivecarrier flow mechanism is by tunneling. Thus, as tiectric
field increases tunneling becomes easier, accounting qualitativelysfoesults. In
order to account quantitatively for these results, we have calcufetesidth ()
of the resonant tunneling transmissiprobability through a barriewell/barrier
structure having the same dimensions as dawice.Fig. 1bshows /T thus
calculated, as a solithe. As seenexcept for verysmall positive V,the solid line



describes fairly welthe data. We therefomncludethat by measuring I-\éurves
and EA in n-i-n(or similar) devices, wecan obtainboth the QWsteady state
population during current injection and the electronic dwell time in each well.
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Figure 1. (a) Solid line: I-V curve of the device. Symbols: The measured carrier dessity(b) Symbols:
well dwell times for carrierss. V. Solid line:The calculateds /T vs. V. Dashed linesthe uncertainty in

the calculated lifetime due to 1 monolagéuctural and 1% compositional uncertainty. Ty scale gives
the nominal electric field deduced from the applied voltage and the sample dimensions.

Fig. 2a showshe measured PIA spectra at various FcAs beseen theffect
on the e1-Cn transitions is apparent eveveay lowfields. The tilted arrowshow
the evolution of three el-Ciransitions, with F. All e1-Cn transitions are red
shifted with F, mergingventually to a "single" relatively broadansition very
close tothe nearly unshifted el-e2 transition. THighavior can readily be
explained by calculating th#evice absorption spectra at different fields, as shown
in Fig. 2b. For the calculations presented in Fig. 2b we have utilized 8 kignd
calculations under electriiteld [5]. Up to 10kV/cm,the blue shift ofthe el-e2
transition is nomnoticeable. Howevetthe transitions to the continuum arearly
affected, showing aed shift until merging with the el-e2 transition. The inset
showsthe calculated band®r several electric fields. Already at 1 kV/cm, the
induced band bending cause® formation of a Stark laddemd anoticeable
localization of continuum electron wavefunctions. This localization reveals itself in
the mixing of the second localized band e2 with the fingti-band in the



continuum, which results in the drastic change in the intersubband absorption
spectrum.
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Figure 2(a) Themeasured PIA fovarious appliedields. (b) The calculated el-e2 and el-Cn absorption

spectra forvarious electricfield strengths and for fixedarrier density of4x10t0/cm?/ period. Inset:

schematic view of the evolution of the minibands with applied electric fislkdagn in the inset. In both (a)
and (b), the arrows indicate the red shifted e1-Cn transitions.
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