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Photoinhibition of the quantum confined Stark effect in piezoelectric multiple quantum wells
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We show that photoinduced space-charge buildup in piezoelédtti-oriented multiple quantum wells
(MQW's), with average electric fields opposing the field in the barriers, inhibits the shifting of optical transi-
tions by externally applied electric fields. This effect is due to the screening of the average electric field as
photogenerated electrons and holes drift by this average field towards opposite locations in the MQW region.
The resulting dipole flattens the envelope potential and hence precludes the change of energy levels with
variations of external field. This behavior has been observed in different device configurations employing
In;_,Ga,As/GaAs MQW embedded in p-i-n diode by low-temperature photoluminescerif&) and pho-
tocapacitance spectroscopies under different bias conditions. In addition to these “self-locked” transitions, we
also observe other peaks in the PL spectra that result from the charge accumulation effect and that are
qualitatively explained using Hartree calculatiof80163-182606)01823-1

Electric fields applied perpendicular to the layers of quan-iques. All of the samples studied show more than one peak
tum heterostructures can drastically modify their energy(at least thregin the PL spectra under open circuit condi-
levels' and absorption properti®sThe quantum confined tions. It is shown that the additional features are associated
Stark effect(QCSB is a large electroabsorption effect with with a nonuniform field distribution in the structure, rather
device applications such as low-energy optical modulatorghan impurity-related recombinations and that the assessment
and switches. In the usual symmetric quantum welw), by PL of growth quality of unprocessed samples can be very
this effect exhibits a quadratic dependence on the externalifficult. o _
electric field. A linear Stark effect can be obtained by means The samples analyzed in this work were grown by solid
of different configurations such as asymmetric QW’s with asource molecular-beam epitaxy. The substrates Wer®B
variable compositiof,coupled quantum weltsand[111-  Si-doped GaAs misoriented 1° toward tf#11] direction.
oriented strained multiple quantum welBIQW’s).% In the ~ Each device was composed opa-n structure incorporating
latter case, if strain-induced piezoelectric fields are large 0.57um intrinsic region between Si- and Be-doped
compared with the external fields, changes in the electronigottom and p-type (top) layers. A MQW comprising
structure and optical properties will vary linearly with the N-strained InGa; ,As QW's was located at the center of
magnitude of the external field. Moreover, a blueshift in thethei region. Indium composition, well widthL{y), and bar-
optical transitions will be observed when the sign of therier width (L,) were specifically designédind the real val-
external voltage opposes that of the built-in fiél/e have ues of these three parameters were determined by high-
recently utilized this effect to obtain quantitative information resolution x-ray diffractometryHRXRD). SampleM 10 had
about the piezoelectric constant of (Ba; _,As for a range ten periods of 86-A IpGa;_,As/130-A GaAs QW's and
of In compositions. In previous work, we have demon- indium compositionx=0.17. Samplev 10W had the same
strated that optical and electronic propeftiese strongly ~MQW structure asv 10, but with QW Nos. 1 and 10 20%
dependent on the sign of the average electric fi@EF) in  wider (L,,~110 A). Devices were isolated by wet chemical
the MQW region. In this paper we show how, under certainmesa etching. The tompftype layej contacts were annular
design conditiongnegative AEF, the optical transition en- rings of 900xm external diameter and 4Q0m internal di-
ergies in most of the QW'’s incorporated in the intrinsic re-ameter for optical access.
gion of ap-i-n diode are independent of external field. The Because of the features present in the PL spectra, the
essential requirements for this observation are shown to bassessment of sample quality by this technique was not pos-
the presence of a negative AEF together with a certain desible. Instead, a HRXRD study was performed using a Bede
gree of coupling between QW’s. We present the results obD? diffractometer in the low-resolution mode. We measured
tained by photoluminescendfL) in two different samples, 111, 333, and 224 reflections at different azimuthal posi-
and discuss observations using other spectroscopic techiens. The theoretical profiles were calculated with our own
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Energy (eV) FIG. 2. Series of PL spectra for sampe10W with the indi-

cated bias voltage applied to the diode. The vertical dashed line is a
FIG. 1. Series of PL spectra for samp&10 with the indicated guide to the eyes, showing the inhibition of the QCSE. This effect
bias voltage applied to the diode. The vertical dashed line is a guideccurs only in the transitions of the QW Nos. 2-9.

to the eyes, showing the inhibition of the QCSE. The envelope of . . . . .
the potential profile fo0 V is sketched in the inset. this region. The resulting dipole would have two main ef-

fects on the optical transition$i) screening of the external

simulation program and fitted to the experimental scans by &lectric field within the MQW region, ani) shifting of the
trial and error procedurePL measurements were used to PL transition energies within the extreme QW's, where two-
examine the effect of photogenerated carriers on the confinedimensional electron and hole gases are present. Since these
transition energies between bound states within the QW'sextreme QW'’s are, therefore, expected to play a major role in
The samples were held in a cryostat at a temperature of 5 khe effects observed in Fig. 1, sampleLOW, which has the
although the evolution with temperature was also studiedsame configuration agl 10, but with wider QW Nos. 1 and
Photoexcitation was provided by a cw Ti/sapphire laserl0(110 A), was designed to show these effects more clearly.
pumped with an Ar-ion laser and tuned to 850 nm, so that The behavior of the PL spectra of sampelOW (Fig. 2)
barriers were not illuminated. The laser power was decreasdd very similar to that of sampl&10. The high-intensity
until no significant changes in the PL spectra were observegeak has a spectral position independent of the applied bias,
(~0.12 mW). exhibiting a small blueshift just when its intensity becomes

Figure 1 shows the PL spectra measured in sapl®  very low (~—1.6 V). The peaks at lower energy correspond
under selected bias voltages. The main peak, observed tt theE1-HH1 optical transitions in the wider QW{®os. 1
~1.36 eV, remains at this energy over the whole range ofind 10. Despite the fact that both QW Nos. 1 and 10 have
voltages, for which it can be detected and before it is comthe same In composition and thickness, each gives a well-
pletely quenched. Electric-field-induced PL quencfiing resolved PL peak under certain bias conditions. Furthermore,
eventually occurs, due to the increasing rate of tunnelingone of the peaks shows a clear “unexpected” redshift with
escape of electrons out of the QW's, relative to that ofdecreasing bias followed by a strong blueskifd meV with
electron-hole recombination. a change of~0.3 V in the bias voltage

In addition to the high-intensity PL peak, the spectra The inhibition of the QCSE associated with charge accu-
taken under positive voltages exhibit a shoulder at lowemulation in the MQW is not only detected by PL measure-
energies. This small peak shows a blueshift with decreasinments. Another simple technique that we have recently used
voltages(i.e., increasing electric fields opposing the piezo-to characteriz€111] MQW (Refs. 11 and 1pis photocapaci-
electric fields. It appears again at —0.5 V, after merging tance spectroscopy.In Fig. 3, we show the photocapaci-
the main peak, and shows a slight redshift. A third peak idance versus energy spectra measured in samde for
observed at higher energies for voltages lower thanl V. different applied voltages and taken at a temperaiuret
It should be noted that none of the PL peaks present in th&. The illumination power was the same as for the spectra
spectra of Fig. 1 shows the behavior expected for impurityplotted in Fig. 1. Different excitonic transitions can be iden-
related transitions, regarding evolution with laser powertified in the spectra of Fig. 3, corresponding to the
temperature, or applied bias. Most importantly, the PL fea€; —HH; (ith electron level tgth heavy-hole levelenergies
tures and their evolution with voltage have been observed ims marked in the figure. The most remarkable observation is
all samples with the same or similar structure, where a singlagain the absence of a significant shift in the optical transi-
PL peak that blueshifts with decreasing voltage would betions in the range of negative average electric fieddti-
expected. We attribute the multiple peak spectra to the mated to be from positive bias te —0.5 V). A clear blue-
charge accumulation resulting from an intrinsic negative avshift is then observable for voltages lower tharl V, in
erage field in the MQW regiofsee inset in Fig. Jl causing agreement with our estimations. Note that the features
photogenerated electrorihioles to drift towards thep™ present in the PL spectra of Fig. 1 are not resolved in the
(n*) regions, so that they accumulate in the QW nearest tepectra of Fig. 3, although a voltage-dependent spectral
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FIG. 3. Photocapacitance spectra for different bias voltages in
sampleM 10. The origin of the excitonic peaks is marked for each
transition. The vertical dashed line shows the inhibition of the
QCSE.
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broadening in the low-energy part of the excitonic peaks was
observed. . . . . .
In order to understand the anomalous behavior of the PL 200 -150 -100 -50 O
spectra, we have performed a self-consistent solution of the Position (nm)
Schralinger and Poisson equations, assuming a given
amount of photogenerated electrons and holes in the struc- FIG. 4. (a) CB potential profiles under dark conditions amd
ture. The QW's are considered to be in equilibrium with eachv applied(dashed lingand with 4x 10** cm~?2 electrons and holes
other (constant quasi-Fermi levels throughout the MQW re-(solid ling). The self-consistent distribution of charge is also shown.
gion) and the main limitation of our calculations is that (b) Electron and hole wave functions for the levels 1, 2, 3, 4, and 10
many-body effects are neglected. However, the Stihger-  (from low to high energy. The horizontal arrows mark the degen-
Poisson calculations allows one to understand qualitativelgrated levels and the vertical arrows show the three possible transi-
two important effects systematically observed in the sampletons that explain the multiple peak PL spectra.
with negative average electric field, namely, the inhibition of
the QCSE caused by a long-range screening effect and ttie approximately zero in the region of QW’s Nos. 2—9, but
splitting of the PL transition energies associated with the flathere are changes in the potential of QW’s Nos. 1 and 10
envelope potential conditions. associated with the two-dimensional electron and hole gases
The effect of the photogenerated charge on thdorming the dopole. This effect leads us to interpret the split-
conduction-bandCB) potential profile of sampleM10 is  tings observed in the PL spectfsee Fig. 1 as originated
shown in Fig. 4a). Using the potential profile for a voltage from the energy-level splittings associated with the field in-
of +1 V (dashed ling as the starting point of the self- homogeneities. This is clearly observed in Figb)4 where
consistent loop, the potential plotted with solid line in Fig. we have plotted representative electron and hole wave func-
4(a) results. The total sheet charge dengity both electrons tions of the first ten confined levels in the structure. The
and holes was taken to be # 10" cm~2, the minimum wave functions are superimposed on the energy value of the
concentration necessary to entirely screen the average eleggrresponding leveiincreasing electron and hole energies in
tric field. The final self-consistent charge distributiptz)  they axis). E (HH) levels are in the uppétower) part of the
[Fig. 4a)] demonstrates the generation of a charge dipoldigure. We observe that the eighE (or HH) levels corre-
with most of electrongholes accumulated in the QW near- sponding to QW's Nos. 2—-9 are almost degeneftateizon-
est to thep™ (n*) region. We also observe a small contri- tal arrows in Fig. 4b)]. However, there is a noticeable split-
bution of in-well screening, i.e., small charge dipoles locateding of the energy levels=1 (j=1) andi=10 (j=10),
at the intermediate QW's. This effect increases with increaswith respect to the rest of fundamental electthole) levels
ing illumination power, and hence sheet charge densityin QW Nos. 2-9. This fact gives rise to the three types of
Solving the self-consistent problem for different bias volt- optical transitions sketched with vertical arrows in Figh)4
ages, in the range of negative average fidldsder dark They correspond to thE1-HH1 transition in(i) QW No. 1,
conditions, does not change the resultant CB profgelid (i) QW No. 10, andiii ) the group of QW’s Nos. 2-9. In our
line) significantly[the changes in the transition energies ofcalculations, the magnitude of this splitting is always lower
the intermediate QW’'éNos. 2—9 are less than 2 melThis  than the value observed experimentally. This discrepancy
accounts for the inhibition of the QCSE for some opticalcan be attributed to the presence of a considerable band-gap
transitions(Figs. 1-3 in the range of voltages for which the renormalization effect, due to the 2D electron and hole
AEF is negative under dark conditions. gases* which is not included in the model.
It can be seen in Fig.(d) that the field distribution is not In conclusion, we have shown an inhibition of the QCSE
uniform inside the MQW, in the sense that the average fieldn In,Ga;_,As/GaAs MQW structures with different con-
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figurations and the only requirements for these observationward information about sample quality or structure param-
have been identified as a negative average electric field andeters[as for (001) layerg when the average electric field is
certain degree of coupling between QW'’s. In addition, anegative. In these samples, a full study by x-ray diffracto-
splitting of the energy levels associated with the extrememetry is a more direct and accurate method.

QW'’s, with respect to those of the rest of the QW's occurs.

This splitting, which accounts for the observation of multiple : ,

PL peaks, is predicted by Hartree calculations for the struc- 1he authors thank Dr. J. P. R. Daviheffield Univer-
tures. From the viewpoint of routine PL characterization ofSity) for a discussion on the multiple PL peaks. This work
(11DB in In,Ga;_,As/GaAs MQW samples, the most im- Was supported in part by the CICYT Project Nos. TIC95-
portant conclusion is that PL spectra do not give straightfor0116, TIC93-0934, and TIC93-0912.
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