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Electrical and optical bistability in In ,Ga; _,As-GaAs piezoelectric quantum wells
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Optically induced bistability in the electrical and optical characteristics of a @ Xl¢zoelectric, strained
Ing.1:Ga gsAS-GaAs single-quantum-wefl-i-n structure is reported. We demonstrate that the bistability re-
sults from photoinduced electron charge buildup in the quantum well. Charge buildup is enhanced relative to
a (100 structure as a consequence of the modified band profile due to the large internal piezoelectric field. A
region of hysteresis is observed in the current-voltage characteristics under illumination, with the device being
stable in either low- or high-current states. Photoluminescence line-shape analysis and magneto-
photoluminescence studies demonstrate that the low- and high-current states correspond to either high or
near-zero electron chargad) in the well, respectively. Simulations of the band profiles using the deduced
values ofng are consistent with the existence of the two different current and charge accumulation states.
[S0163-18297)02627-1

We report the observation of both electrical and opticaltrinsic region in which the 100-A yGa, gsAs SQW is in-
bistability in a strained layer, piezoelectric single-quantum-corporated centrally, and 0,8m of p* GaAs. Mesa photo-
well structure embedded in the intrinsic region opa-n diodes 400um in diameter were fabricated, allowing optical
diode. We show that the intrinsic bistability corresponds toaccess through an annular contact ongheregion. Further
two stable states of the quantum wé&@W), one with large  details of the growth can be found in Ref. 6. A MBEOO)
photocreated electron accumulation in the QW and one witlzontrol sample grown under very similar conditions was also
near-zero accumulation. Such electron charge buildup ifvestigated.
strongly enhanced in the present strained (Bl&)ructures Low-temperaturd -V characteristics, both with and with-
compared to conventional00) structures. The strain in the out optical excitation from a Ti:sapphire laser at 1.59 eV, are
(111)B case leads to the formation of a large internal piezoshown in Fig. 1. With no illumination the sample exhibits
electric(P2) field (~170 kV/cm) in the QWA The direction
of the PZ field opposes that of the built4iri-n field, lead-

ing to a sawtooth-shaped band profile. The modified band O — Py
profile results in enhanced electron capture, enhangdd 0.10 | |—— downsweep
the QW, and hence the occurrence of the bistable phenom- || upsweep
ena. Hysteresis is observed in the current-voltag¥) char- 0.05 |
acteristics under illumination, with photoluminescerie.) (@)
and magneto-PL measurements clearly demonstrating elec- 0.00
tron accumulation in the single quantum weiiQW) when —_
the sample is in the low-current state. E 005 L
The bistable phenomena we observe have similar origin to =
those discussed by Zrennet al. for a GaAs QW, AlAs 2 010}
single barrier structuré.However, the high quality of our 3 i
sample and, in addition, magnetic-field measurements allow -0.15 | A
the accurate determination of both the density and sign of the
carriers involved in the bistable process. Bistable phenomena -0.20 | e
have also been reported in a number of other semiconductor
devices. These include double-barrier resonant tunneling -0.25 | (b)
structures where the bistability arises from charge accumula-
tion in the QW on resonantéand self-electro-optic devices -0.30 . ‘
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where the bistability occurs as a result of the change in )
Applied voltage (V)

electric-field-induced shift of the QW absorption edge under
optical illumination®

The sample studied was fabricated by molecular-beam ep- FiG. 1. Low-temperature current-voltage characteristias
itaxy (MBE) and grown on am™ (111)B GaAs substrate without optical excitation an¢b) with optical excitation at 1.59 eV
misoriented 2° toward thé211) axis. In order of growth the from a Ti:sapphire laser, with a power density of 4 Wfcrithe
layers consist of Jum of n* GaAs, a 0.61Qwm GaAs in-  arrows in(b) indicate the direction of the voltage sweep.

0163-1829/97/584)/160454)/$10.00 55 R16 045 © 1997 The American Physical Society



R16 046 WILSON et al. 55

HIGH CURRENT I
! 3 "I
LOW CURRENT e I
S
* g 1.35 4
_ ; - w - : Q D\:DDDDD
.“g 0.0v “é‘ 1.34 1 L I !
fsd 0 2 4 [} 8
= 2 0.0 Magnetic field (T)
e 2
8 8 s
= = )
@ 2 25T
o} 8]
= +0.4V c
T T
EF
+0.7V v _
1.32 1.533 1.34 1.55 1.236 1.37 1.33 1.34 1.35 1.36 1.37 1.38 1.39 140

Energy (eV) Energy (eV)

FIG. 2. Photoluminescence spectra at 4.2 K for various bistable FIG. 3. Magneto-PL spectra measured at 1.8 K with the device
voltages. In the low-current state a broad PL band, arising from that 0.4 V in the low-current state. The peaks labdg@), (1,0, and
recombination of electrons in states frd&+0 up to Er, is ob- (1,1) observed at finite magnetic fields arise from the recombination
served. In the high-current state a much narrower PL band is obbetween the electron and hole Landau levels of indexN;). The
served as a result of the near-zero electron density in the well in thimset shows the variation of the peak position with the magnetic
state. field. The (Ng,N;) peaks blueshift with increasing magnetic field.

The low-energy peal§ is due to shakeup processes and redshifts
typical diodelike characteristics with a small reverse biagwith increasing magnetic field.
leakage current and a reverse breakdown voltage of
~—20V, as shown in Fig. (). However, under illumina- cal transitions close tk=0 are allowed. However, the pres-
tion with light of energy greater than the GaAs band gapence of disorder(e.qg., alloy or well width fluctuationspar-
(1.52 eV}, a region of hysteresis is observed in th¥ char- tially lifts the vertical transition selection rule and
acteristics. For applied voltages in this region there are tw@ecombination from all electron states up to the Fermi energy
possible, stable current states: a low-current state on the volEr may be observed. In the present sample this gives rise to
age downsweep branch and a high-current state on the volthe weak, high-energy tail in the PL spectra. The relative
age upsweep branch. For any voltage within this hysteresigeakness of this high-energy tail is characteristic of a QW
region a transition from the low-current to the high-currentwith a low degree of disordér.® The position of the Fermi-
state may be induced by a brief interruption of the opticaledge cutoffEg is marked on the low-current spectra. The
excitation. As the excitation power density is decreased, thenergy difference between the PL peak ddprovides an
range of voltages over which the hysteresis is observed destimate for the Fermi energy, which is found to increase
creases, eventually collapsing to a step feature for powerom 8.0 meV at an applied voltage 6f0.7 V to 13.8 meV
densities less than 0.1 W/@mNo hysteresis is observed if at 0 V.
the laser excites electrons and holes directly into the While the above measurements provide evidence for
In,Ga,_,As SQW (1.30 eVchw,<1.51eV), indicating charge buildup in the QW, the sign of the charge carriers is
that the bistability requires the photocreation of carriers innot determined. Magneto-PL measurements confirm the
the GaAs barriers and subsequent capture by the SQW. Theesence of charge accumulation, provide accurate values for
above bistable phenomena were not observed in(106) ng, and, in addition, by comparison with the linewidth re-
grown control sample. sults, demonstrate that the observed behavior is due to elec-

PL spectra recorded for voltages in the hysteresis regiotron accumulation in the QW. Typical magneto-PL spectra,
enable the physical mechanisms leading to the bistability tavith the device at 0.4 V in the low-current state, are shown
be understood. Figure 2 shows PL spectra taken at various Fig. 3. With an applied magnetic field of 4.5 T, the single,
bistable voltages, with the sample in both the low- and highbroad zero-field PL line is split into a series of Landau-level
current state for each voltage. The PL spectra with théLL) transitions, labeledN,,N,), which arise from the re-
sample in the high-current state have a typical linewidth of scombination of electrons and holes from occupied LL's of
meV, probably arising from alloy and well width fluctua- indicesN, andN,,, respectively.~® Recombination between
tions. In contrast, PL spectra with the sample in the low-the ground-state electron and hole LI&0) gives rise to the
current state are considerably broader with a tail to highedominant transition in the magneto-PL spectrum with a
energy, indicative of carrier accumulation in the GWwh a  nominally forbidden, non-Landau-number-conserving transi-
perfect QW containing a large number of electrghsles  tion (1,0) observed to higher energy due to the effects of
but relatively few photoexcited holdglectrong, only verti-  disorder. The1,1) transition arises because of a small pho-
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tocreated hole population in thé,=1 level.

The inset to Fig. 3 shows a plot of PL peak positions as a
function of magnetic field. The energy separation between
the two lowest-energy LL transitions corresponds to a cyclo-
tron energyli w.=feB/m*, wherem* =0.07m,. This value
for the effective mass corresponds to the expected electron
effective masan?, for Ing 1:Ga, gsAs.”% The separation be-
tween the second and third LL transitions is approximately
half that betweer{0,0) and (1,0) and is consistent with that
expected for the heavy-hole cyclotron enelgye in-plane
heavy holem; ~0.15m,).° These results confirm our iden-
tification of the LL transitions. Thél,0) and(1,1) transitions
are not observed for magnetic fields greater than 6.5 T due to
the depopulation of thdl,=1 LL at this field. Using the LL
degeneracy @B/h, this gives a value for the density of the
charge that builds up in the QW at 0.4 V of=(3.1+0.2)

X 10 cm™2. The Fermi energy deduced from the PL line-
width at 0.4 V was 11 meV, corresponding tg=3.2 (b) LOW CURRENT
X 10" cm~2, employing the electron masge¥=0.07m, in STATE
the relationEr=%27ns/m*. This value forng is in good |
agreement with the value of 3<110'* cm™2 obtained from -3000 0 3000
the magneto-PL, thus confirming that the predominant Distance (A)

charge buildup is due to electrons. If instead predominant

hole accumulation is assumed and the hole massnpf

(a) HIGH CURRENT

STATE —vb

Energy (eV)

| vb

~0.15m, is e_mplo_yed,_the_rm5= 1.5x 10 C_m_z is obtained FIG. 4. (a) Calculated band profile of the structure@V with
from the PL linewidth, in disagreement with the magneto-PLno charge buildup in the QW corresponding to the high-current
result. state. (b) Calculated band profile of the structuré @ V in the

In addition to the main LL transitions, a weak peak, la- low-current state. The experimentally determined value for the elec-
beledS, is observed to lower energy th&@,0). Its energy tron density in the SQW of 32910 cm™2 is used in the calcula-
separation from(0,0) increases with increasing magnetic tion.
field at a rate~ l.’a’hwﬁ'. We attribute the low-energy satel-
lite to magnetoplasmon shakeup excitations of the Fermirom the internal piezoelectric field, which is in the opposite
sea’! in which an additional electron is promoted to tNe  sense to the built-ip-i-n field. The absorption length of the
=1 LL during theN=0 electron/N=0 hole recombination incident laser light at 1.58 eV is 1 wm.* Light incident on
process. The separation ef1.3ﬁw§' between(0,0) andSis  the sample via th@™ contact region results in photocreated
close to that found previously for such magnetoplasmorcarrier creation predominantly in the Ou@n-thick p*™ con-
excitations'* With the sample in the high-current state thetact and in the 0.Gsm i region. Due to the sign of the
PL shows no splitting and exhibits a diamagnetic shift withbuilt-in field (see Fig. 4, electrongand not holescreated in
increasing magnetic field, consistent with excitonic behaviothe p* region will be injected into the region and drift
and indicating negligible carrier accumulation in this state. towards the QW. In addition, electrons created inithegion

The PL and magneto-PL measurements clearly demorabove the QW will also drift towards the QW. In the voltage
strate that the two current states involved in the bistabilityregion from +1.5V to 0 V, some of these electrons will
are associated with very different electron densities in thddvecome trapped in the QW, giving rise to the band profile of
QW. Using the values for the electron densities obtainedrig. 4(b), which corresponds to the low-current branch of the
from our measurements we can then model self-consistentl)+V characteristics. The current is reduced in this state be-
the band profiles of the structure corresponding to the twa@ause now only those carriers photocreated in the region to
states. Figure (@) shows the band profile of the structure at Othe right of the QW are swept out to the contacts by the
V with no charge in the QW, corresponding to the high-remaining electric field. No further electron accumulation
current state. Figure (8) shows the calculated, self- occurs beyond the band profile of Figlb#as the intrinsic
consistent band profilet® V with the sample in the low- region to the left of the QW is almost flat. The small number
current state and with the experimentally determined QWbf electrons that continue to be captured replenish those that
electron density of 3.210™ cm™2 deduced from th& of  are lost from the QW by tunneling or recombination. With
13.8 meV atV=0. The piezoelectric field of-170 kV/cnf  increasing reverse bias the electric field in the region to the
gives rise to the large change in slope of the band-edge praight of the QW increases, leading to a decrease in the effec-
files at the left- and right-hand boundaries of the GAw. tive width of the potential barrier on the right-hand side of

As can be seen by inspection of the expanded boxes dhe well. Eventually significant electron tunneling out of the
Fig. 4, electron capture is expected to be considerably enwell can occur, the well rapidly empties, and the device
hanced in the piezoelectric SQW, relative to a conventionaswitches to the high-current state. When the bias is swept
(100 grown samplé? This is a consequence of the larger from negative to positive the band profile is of a form similar
potential barrier to the right-hand side of the SQW, resultingto that shown in Fig. &), which is less favorable for charge
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buildup due to the higher electric field in the barrier, and thebility. Optical measurements provide conclusive evidence for
device remains in the high-current, low-accumulation statethe occurrence of electron accumulation in one of the states
Our band profile modeling thus demonstrates that two disand allow the electron density to be determined. Using the
tinct states exist for all applied voltages throughout the reexperimentally determined electron densities, the band pro-
gion of hysteresis, consistent with the observation of bistafiles of the structure have been modeled self-consistently and

bility. _ _ _ ~ found to be consistent with the occurrence of the bistability.
In conclusion, we have studied a piezoelectric single-
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and optical bistability under illumination. The large internal gineering and Physical Sciences Research ColBEIERG
piezoelectric field results in a band profile that enhance&rant No. GR/H45773. D.J.M. acknowledges financial sup-
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